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SYSTEM AND METHOD FOR OPTIMIZING A
BRAKING SCHEDULE OF A POWERED
SYSTEM TRAVELING ALONG A ROUTE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to and 1s a Continuation-
In-Part of U.S. application Ser. No. 12/183,310 filed Jul. 31,
2008, which claims the benefit of U.S. Provisional No.
60/988,605 filed Nov. 16, 2007. U.S. application Ser. No.
12/183,310 1s also a Continuation-In-Part of U.S. application

Ser. No. 11/739,864 filed Apr. 25, 2007, now U.S. Pat. No.
7,715,958 and incorporated herein by reference 1n its entirety.

BACKGROUND OF THE INVENTION

A powered system traveling along a route, such as a train
traveling along a railway, for example, will typically need to
slow down and stop at some upcoming stop point. For
example, a train may be traveling 1n a first block section of a
railway which features a yellow signal, and subsequently into
a second block section of the raillway which features a red
signal, 1n which the train must stop. Thus, the operator of the
train needs to know when to begin activating a braking system
of the train and/or at what level to activate the braking system,
such that the train slows and stops at the red signal in the
second block section.

Conventional systems have been proposed to assist the
operator 1n slowing and stopping a train prior to a stop point.
These conventional systems typically utilize braking tables,
which may illustrate a projected speed of the train over a
projected time or distance leading up to the stop point. Thus,
based on the braking tables, the operator can selectively acti-
vate the braking system such that the actual speed of the train
tracks the projected speed, until the train stops at the stop
point. However, use of these conventional braking tables has
several shortcomings.

Some conventional braking tables do not consider the
actual train parameters, which may significantly impact 1ts
braking performance, such as mass, for example. Instead, the
conventional braking tables presume conservative param-
cters of a hypothetical train, such as a maximum mass, 1n
order to maintain a conservative speed projection. The con-
ventional braking tables may presume other conservative fac-
tors which minimize braking performance, and maintain the
conservative speed projection, such as a maximum length of
the train, a wet weather condition, and/or minimal rail brak-
ing adhesion, for example. Although these conventional brak-
ing tables presume conservative factors in order to ensure that
the train does not pass the stop point, the actual train param-
eters may provide a far greater braking performance, which
would allow the train to delay braking for a later time/dis-
tance, and thus improve its overall efficiency. Although other
conventional braking tables have been proposed which
attempt to consider the actual train parameters, these braking
tables merely consider estimates of the actual train param-
eters, which may have large magnitudes of error. Since the
braking curve 1s only as accurate as the accuracy of the
inputted train parameters, these conventional braking tables
may convey maccurate information to the train operator.

Accordingly, there 1s a need 1n the mdustry to optimize
these braking tables, such that they are not overly conserva-
tive and thus not causing the train to commence braking at a
premature time or distance, to thereby improve the operating,
elficiency of the train. Additionally, there 1s aneed to optimize
the braking tables, such that the actual train parameters used
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to determine the braking tables are verified, and thus the
braking table accurately retlects the actual braking capability
of the train.

BRIEF DESCRIPTION OF THE INVENTION

In one embodiment of the present invention, an optimiza-
tion system 1s provided for a braking schedule of a powered
system traveling along a route. The braking schedule 1s based
on at least one predetermined characteristic of the powered
system and 1s configured to be enacted 1n a braking region
along the route. The optimization system includes a sensor
configured to measure a parameter related to the operation of
the powered system. Additionally, the system 1ncludes a pro-
cessor coupled to the sensor, to receive data of the parameter.
The processor compares the measured parameter with an
expected parameter, which 1s based on the at least one prede-
termined characteristic of the powered system. The processor
adjusts the at least one predetermined characteristic based on
the comparison, and adjusts the braking schedule based on the
adjustment to the at least one predetermined characteristic.
(“Predetermined characteristic” refers to an aspect of the
powered system, such as a physical or operational aspect, that
relates to braking of the powered system, which 1s determined
in advance of enacting a braking plan, and which may be
estimated, approximated, or otherwise designated 1n an 1nitial
instance. )

In another embodiment of the present ivention, an opti-
mization system 1s provided for a braking schedule of a pow-
ered system. The optimization system includes the powered
system configured to travel along a route. The braking sched-
ule 1s based on at least one predetermined characteristic of the
powered system and 1s configured to be enacted 1n a braking
region along the route. Additionally, the optimization system
includes a sensor configured to measure a parameter related
to the operation of the powered system. The measured param-
eter 1s compared with an expected parameter, which 1s based
on the at least one predetermined characteristic of the pow-
ered system. The at least one predetermined characteristic 1s
adjusted, based on the comparison. Additionally, the braking
schedule 1s adjusted, based on the adjustment to the at least
one predetermined characteristic.

In another embodiment of the present invention, a method
1s provided for optimizing a braking schedule of a powered
system traveling along a route. The braking schedule 1s based
on at least one predetermined characteristic of the powered
system and 1s configured to be enacted 1n a braking region
along the route. The method includes measuring a parameter
related to the operation of the powered system. Additionally,
the method includes comparing the measured parameter with
an expected parameter, where the expected parameter is
based on the at least one predetermined characteristic of the
powered system. The method further includes adjusting the at
least one predetermined characteristic based on the compar-
ing step. Additionally, the method includes adjusting the
braking schedule, based on the adjusting to the at least one
predetermined characteristic.

BRIEF DESCRIPTION OF THE DRAWINGS

A more particular description of the invention brietly
described above will be rendered by reference to specific
embodiments thereof that are illustrated in the appended
drawings. Understanding that these drawings depict only
typical embodiments of the invention and are not therefore to
be considered to be limiting of 1ts scope, the invention will be
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described and explained with additional specificity and detail
through the use of the accompanying drawings i which:

FIG. 1 1s a block diagram of one embodiment of a hybrid
energy locomotive system having a separate energy tender
vehicle 1n accordance with aspects of the present invention;

FIG. 2 1s a block diagram of one embodiment of a hybrid
energy locomotive system having a second engine for charg-
ing an energy storage system, including an energy storage
system associated with an energy tender vehicle;

FI1G. 3 15 a block diagram 1llustrating an embodiment of an
energy storage and generation system suitable for use 1n
connection with a hybrid energy locomotive system:;

FIG. 4 1s a block diagram 1llustrating an energy storage and
generation system suitable for use 1n a hybrid energy loco-
motive system, including an energy management system for
controlling the storage and regeneration of energy;

FIGS. 5A-5D are timing diagrams that illustrate one
embodiment of an energy management system for controlling
the storage and regeneration of energy, imncluding dynamic
braking energy;

FIGS. 6 A-6D are timing diagrams that 1llustrate another
embodiment of an energy management system for controlling
the storage and regeneration of energy, mncluding dynamic
braking energy;

FIGS. 7TA-TE are timing diagrams that i1llustrate another
embodiment of an energy management system for controlling
the storage and regeneration of energy, including dynamic
braking energy;

FIGS. 8A-8G are electrical schematics illustrating several
embodiments of an electrical system suitable for use 1n con-
nection with a hybrid energy off-highway vehicle, such as a
diesel-electric locomotive;

FIGS. 9A-9C are electrical schematics 1llustrating addi-
tional embodiments of an electrical system suitable for use in
connection with a hybrid energy oif-highway vehicle, such as
a diesel-electric locomotive;

FIG. 10 1s an electrical schematic that illustrates one
embodiment of a way of connecting electrical storage ele-
ments;

FIG. 11 1s a flow chart that illustrates one method of oper-
ating a hybrid energy locomotive system, according to an
embodiment of the invention;

FIG. 12 1s a block diagram illustrating an exemplary
embodiment of an energy storage and generation system suit-
able for use 1n a hybrid energy locomotive system, including
an energy management system for controlling the storage and
regeneration of energy;

FI1G. 13 1s a spatial diagram 1llustrating a plurality of data
sets each relating to historical traction and/or auxiliary energy
demand versus incremental position along one of a plurality
of routes:

FI1G. 14 1s a spatial diagram 1llustrating a plurality of data
sets each relating to historical traction and/or auxiliary energy
demand values at a fixed location along one of a plurality of
routes versus each trial along the one of a plurality of routes;

FIG. 15 1s a spatial diagram of a currently anticipated
traction energy, energy storage device energy, and energy
storage device power versus incremental position along one
of a plurality of routes;

FIG. 16 1s a spatial diagram of an anticipated traction
energy, energy storage device energy, and energy storage
device power utilizing an exemplary embodiment of an
energy management system versus incremental position
along one of a plurality of routes;

FI1G. 17 1s a flow chart 1llustrating an exemplary embodi-
ment of a method carried out by or in the system 1llustrated in

FIG. 12;
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FIG. 18 1s an exemplary embodiment of a system for moni-
toring the efiectiveness of a braking function 1n a powered

system 1n accordance with the present invention;

FIG. 19 1s an exemplary embodiment of a system for moni-
toring the eflectiveness of a braking function 1n a powered
system 1n accordance with the present invention;

FIG. 20 1s an exemplary embodiment of a system for moni-
toring the effectiveness of a braking function 1n a powered
system 1n accordance with the present invention;

FIG. 21 1s an exemplary embodiment of a system for moni-
toring the effectiveness of a braking function 1n a powered
system 1n accordance with the present invention;

FIG. 22 1s a flow chart 1llustrating an exemplary embodi-
ment of a method for monitoring the effectiveness of braking
function 1n a powered system 1n accordance with the present
imnvention;

FIG. 23 1s an exemplary embodiment of a train with a
locomotive traveling along a route spaced into a plurality of
block sections;

FIG. 24 1s an exemplary embodiment of a plurality of
braking schedules for a respective train, based on an a mea-
sured train parameter;

FIG. 25 1s an exemplary embodiment of the train in FIG. 23
with a dynamic braking system used within a system for
optimizing a braking schedule of the train in accordance with
the present invention;

FIG. 26 1s an exemplary embodiment of the locomotive 1n
FIG. 23 with an air braking system used within a system for
optimizing a braking schedule of the train 1n accordance with
the present invention;

FIG. 27 1s an exemplary embodiment of an operator dis-
play, within the locomotive illustrated 1n FI1G. 23, 1llustrating,
the optimized braking schedule selected from FIG. 24; and

FIG. 28 1s a flow chart illustrating an exemplary embodi-
ment of a method for monitoring the effectiveness of braking
function 1n accordance with the present invention.

DETAILED DESCRIPTION OF THE INVENTION

Though exemplary embodiments of the present invention
are described with respect to rail vehicles, specifically trains
and locomotives having diesel engines, embodiments of the
invention are also applicable for use 1n other powered sys-
tems, including, but not limited to, off-highway vehicles
(such as mine trucks and other mining or construction vehicu-
lar equipment), marine vessels, and other transport vehicles
such as transport buses and agricultural vehicles.

FIG. 1 1s a block diagram of one embodiment of a hybrid
energy locomotive system 200. In this embodiment, the
hybrid energy locomotive system includes an energy tender
vehicle 202 for capturing and regenerating at least a portion of
the dynamic braking electric energy generated when the loco-
motive traction motors operate 1 a dynamic braking mode.
The energy tender vehicle 202 1s constructed and arranged to
be coupled to the locomotive 1n a consist configuration, and
includes an energy capture and storage system 204 (some-
times referred to as an energy storage medium or an energy
storage). It should be understood that 1t 1s common to use two
or more locomotives 1n a consist configuration (the term
“consist” usually referring to two or more locomotives 1n a
train) and that FIG. 1 1llustrates a single locomotive for con-
venience.

In one embodiment, the energy capture and storage system
204 selectively recerves electrical power generated during the
dynamic braking mode of operation and stores 1t for later
regeneration and use. In the alternative or in addition to
receiving and storing dynamic braking power, energy capture
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and storage system 204 can also be constructed and arranged
to receive and store power from other sources. For example,
excess prime mover power from engine 102 can be trans-
ferred and stored. Similarly, when two or more locomotives
are operating in a consist, excess power Ifrom one of the
locomotives can be transierred and stored 1n energy capture
and storage system 204. Also, a separate power generator
(e.g., diesel generator) can be used to supply a charging
voltage (e.g., a constant charging voltage) to the energy cap-
ture and storage system. Still another source of charging 1s an
optional off-train charging source 220. For example, energy
capture and storage system 204 can be charged by external
sources such as a battery charger in a train yard or at a wayside
station.

The energy capture and storage system 204 includes at
least one of the following storage subsystems for storing the
clectrical energy generated during the dynamic braking
mode: a battery subsystem, a flywheel subsystem, and/or an
ultra-capacitor subsystem. Other storage subsystems are pos-
sible. Ultra-capacitors are available from Maxwell Technolo-
gies. These storage subsystems may be used separately or 1n
combination. When used 1n combination, these storage sub-
systems can provide synergistic benefits not realized with the
use ol a single energy storage subsystem. A flywheel sub-
system, for example, typically stores energy relatively fast but
may be relatively limited 1n its total energy storage capacity.
A battery subsystem, on the other hand, often stores energy
relatively slowly but can be constructed to provide arelatively
large total storage capacity. Hence, a tlywheel subsystem may
be combined with a battery subsystem wherein the flywheel
subsystem captures the dynamic braking energy that cannot
be timely captured by the battery subsystem. The energy thus
stored in the flywheel subsystem may be thereafter used to
charge the battery. Accordingly, the overall capture and stor-
age capabilities are preferably extended beyond the limits of
either a flywheel subsystem or a battery subsystem operating
alone. Such synergies can be extended to combinations of
other storage subsystems, such as a battery and ultra-capaci-
tor in combination where the ultra-capacitor supplies the peak
demand needs.

It should be noted at this point that, when a flywheel sub-
system 1s used, a plurality of flywheels may be arranged to
limit or eliminate the gyroscopic effect each flywheel might
otherwise have on the locomotive and load vehicles. For
example, the plurality of flywheels may be arranged on a
s1x-axis basis to greatly reduce or eliminate gyroscopic
effects. It should be understood, however, that reference
herein to a flywheel embraces a single flywheel or a plurality
of flywheels.

Referring still to FIG. 1, the energy capture and storage
system 204 not only captures and stores electric energy gen-
erated in the dynamic braking mode of the locomotive, it also
supplies the stored energy to assist the locomotive effort (e.g.,
to supplement and/or replace prime mover power). For
example, energy tender vehicle 202 optionally includes a
plurality of energy tender traction motors 208 mounted on the
trucks supporting the energy tender vehicle 202. The electri-
cal power stored 1n energy capture and storage system 204
may be selectively supplied (e.g., via lines 210) to the energy
tender traction motors 208. Thus, during times of increased
demand, energy tender traction motors 208 augment the trac-
tive power provided by locomotive traction motors 108. As
another example, during times when 1t 1s not possible to store
more energy from dynamic braking (e.g., energy storage sys-
tem 204 1s charged to capacity), eificiency considerations
may suggest that energy tender traction motors 208 also aug-
ment the locomotive traction motors 108.
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It should be appreciated that when energy capture and
storage system 204 drives energy tender traction motors 208,
additional circuitry will likely be required. For example, 1f
energy capture and storage system 204 comprises a battery
storing and providing a DC voltage, one or more inverter
drives may be used to convert the DC voltage to a form
suitable for use by the energy tender traction motors 208.
Such drives are preferably operationally similar to those asso-
ciated with the main locomotive.

Rather than (or in addition to) using the electrical power
stored 1n energy capture and storage system 204 for powering,
separate energy tender traction motors 208, such stored
energy may also be used to augment the electrical power
supplied to locomotive traction motors 108 (e.g., via line
212).

Other configurations are also possible. For example, the
locomotive 1tsellf may be constructed and arranged (e.g.,
either during manufacturing or as part of a retrofit program) to
capture, store, and regenerate excess electrical energy, such as
dynamic braking energy or excess motor power. In another
embodiment, a locomotive may be replaced with an autono-
mous tender vehicle. In still another embodiment, similar to
the embodiment illustrated 1n FIG. 1, the separate energy
tender vehicle 1s used solely for energy capture, storage, and
regeneration—the tender does not include the optional trac-
tion motors 208. In yet another embodiment, a separate tender
vehicle 1s replaced with energy capture and storage sub-
systems located on some or all of the load units attached to the
locomotive. Such load units may optionally include separate
traction motors. In each of the foregoing embodiments, the
energy capture and storage subsystem can include one or
more of the subsystems previously described.

When a separate energy tender vehicle (e.g., energy tender
vehicle 202) 1s used, the tender vehicle 202 and the locomo-
tive are preferably coupled electrically (e.g., via line 212)
such that dynamic braking energy from the locomotive trac-
tion motors and/or from optional energy tender traction
motors 208 1s stored 1n energy storage means on board the
tender. During motoring operations, the stored energy is
selectively used to propel the locomotive traction motors 108
and/or optional traction motors 208 of tender vehicle 202.
Similarly, when the locomotive engine produces more power
than required for motoring, the excess prime mover power
can be stored 1n energy capture and storage for later use.

If energy tender vehicle 202 1s not electrically coupled to
the locomotive (other than for standard control signals), trac-
tion motors 208 on the tender vehicle can also be used 1 an
autonomous fashion to provide dynamic braking energy to be
stored 1n energy capture and storage system 204 for later use.
One advantage of such a configuration 1s that tender vehicle
202 can be coupled to a wide variety of locomotives, 1n almost
any consist.

It should be appreciated that when energy tender traction
motors 208 operate in a dynamic braking mode, various rea-
sons may counsel against storing the dynamic braking energy
in energy capture and storage system 204 (e.g., the storage
may be full). Thus, some or all of such dynamic braking
energy be dissipated by resistive grids associated with the
energy tender vehicle 202 (not shown), or transferred to brak-
ing grids 110 (e.g., via line 212).

The embodiment of FIG. 1 will be further described 1n
terms of one possible operational example. It 15 to be under-
stood that this operational example does not limit the inven-
tion. The locomotive system 200 1s configured 1n a consist
including a locomotive, an energy tender vehicle 202, and at
least one load vehicle. The locomotive may be, for example,
an AC diesel-electric locomotive. Tractive power for the loco-



US 8,180,544 B2

7

motive 1s supplied by a plurality of locomotive traction
motors 108. In one embodiment, the locomotive has six axles,
cach axle includes a separate locomotive traction motor, and
each traction motor 1s an AC traction motor. The locomotive
includes a diesel engine 102 that drives an electrical power
system. More particularly, the diesel engine drives an alter-
nator/rectifier that comprises a source of prime mover elec-
trical power (sometimes referred to as traction power or pri-
mary power). In this particular embodiment, the prime mover
clectrical power 1s DC power that 1s converted to AC power
for use by the traction motors. More specifically, one or more
iverters (e.g., inverter 106) recerve the prime mover electri-
cal power and selectively supply AC power to the plurality of
locomotive traction motors 108 to propel the locomotive.
Thus, locomotive traction motors 108 propel the locomotive
in response to the prime mover electrical power.

Each of the plurality of locomotive traction motors 108 1s
operable 1n at least two operating modes, a motoring mode
and a dynamic braking mode. In the motoring mode, the
locomotive traction motors 108 receive electrical power (e.g.,
prime mover electrical power via 1nverters) to propel the
locomotive. As described elsewhere herein, when operating
in the dynamic braking mode, the traction motors generate
clectricity. In the embodiment of FIG. 1, energy tender
vehicle 202 1s constructed and arranged to selectively capture
and store a portion of the electricity generated by the traction
motors during dynamic braking operations. This 1s accom-
plished by energy capture and storage system 204. The cap-
tured and stored electricity 1s selectively used to provide a
secondary source of electric power. This secondary source of
clectric power may be used to selectively supplement or
replace the prime mover electrical power (e.g., to help drive
one or more locomotive traction motors 108) and/or to drive
one or more energy tender traction motors 208. In the latter
case, energy tender traction motors 208 and locomotive trac-
tion motors 108 cooperate to propel the consist.

Advantageously, tender capture and storage system 204
can store dynamic braking energy without any electrical
power transier connection with the primary locomotive. In
other words, energy capture and storage system 204 can be
charged without a connection such as line 212. This 1s accom-
plished by operating the locomotive engine 102 to provide
motoring power to locomotive traction motors 108 while
operating the tender vehicle 202 1n a dynamic braking mode.
For example, the locomotive engine 102 may be operated at a
relatively high notch setting while tender vehicle traction
motors 208 are configured for dynamic braking. Energy from
the dynamic braking process can be used to charge energy
capture and storage system 204. Thereatter, the stored energy
can be used to power energy tender traction motors 208 to
provide additional motoring power to the train. One of the
advantages of such a configuration is that the tender vehicle
202 can be placed anyway 1n the train. For example, 1in one
wireless embodiment, the tender vehicle 202 provides 1ts own
local power (e.g., for controls or lighting) and communicates
via a radio link with other vehicles 1n the train, as necessary.
An air brake connection would likely also be connected to
tender vehicle 202. Of course, minimal wiring such as stan-
dard lighting wiring and control wiring could be optionally
routed to the tender vehicle 202, 1f so desired.

It 1s known 1n the art that diesel-electric locomotives are
often loud and the vibrations associated with the engine make
the environment uncomifortable for train operators. Accord-
ingly, 1n one embodiment, the tender vehicle 202 1s modified
to include an operator compartment such that the train engi-
neer can operate the train from the relative comiort of the
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tender, rather than from the locomotive. FIG. 1 reflects this
schematically at the aft end of tender with reference character

230.

FIG. 2 1s a block diagram of another embodiment of a
hybrid energy locomotive system 300. This embodiment
includes a second engine vehicle 301 for charging the energy
tender vehicle 202. The second engine vehicle 301 comprises
a diesel engine 302 that 1s preferably smaller than the main
locomotive engine 102, but which otherwise operates accord-
ing similar principles. For example, second engine vehicle
301 comprises an alternator/rectifier 304 (driven by the sec-
ond engine 302), one or more mverters 306, and a plurality of
braking grids 310. In one embodiment, second engine 302
runs at a constant speed to provide a constant charging source

(e.g., 200-400 hp) for energy tender vehicle 202. Thus, when

a hybrid energy locomotive system 1s configured as shown 1n
FIG. 2, energy capture and storage system 204 preferably
receives charging energy from one or both of the primary
locomotive (e.g., dynamic braking energy), and second
engine vehicle 301 (e.g., direct charging) via line 312. It
should be understood that, although second engine vehicle
301 1s shown as a separate vehicle, 1t could also be included,
for example, as an 1ntegral part of energy tender vehicle 202
or a load vehicle. Also, dynamic braking generators (e.g., via
traction motors 308) could be optionally 1included with sec-
ond engine vehicle 301 thereby providing an additional
source ol power for storage 1n energy capture and storage
system 204.

FIG. 3 1s a system-level block diagram that illustrates
aspects of one embodiment of an energy storage and genera-
tion system. In particular, FIG. 3 1llustrates an energy storage
and generation system 400 suitable for use with a hybnd
energy locomotive system, such as hybrid energy locomotive
system 200 or system 300 (FIGS. 1 and 2). Such an energy
storage and generation system 400 could be implemented, for
example, as part of a separate energy tender vehicle (e.g.,
FIGS. 1 and 2) and/or incorporated into a locomotive.

As 1illustrated i FIG. 3, a diesel engine 102 drives a pri-
mary mover power source 104 (e.g., an alternator/rectifier
converter). The primary mover power source 104 supplies DC
power to an inverter 106 that provides three-phase AC power
to a locomotive traction motor 108. It should be understood,
however, that the system 400 illustrated 1n FIG. 3 can be
modified to operate with DC traction motors as well. Typi-
cally, there1s a plurality of traction motors (e.g., one per axle),
and each axle 1s coupled to a plurality of locomotive wheels.
In other words, each locomotive traction motor includes a
rotatable shait coupled to the associated axle for providing
tractive power to the wheels. Thus, each locomotive traction
motor 108 provides the necessary motoring force to an asso-
ciated plurality of locomotive wheels 109 to cause the loco-
motive to move.

When the traction motors 108 are operated 1 a dynamic
braking mode, at least a portion of the generated electrical
power 1s routed to an energy storage medium such as an
energy storage system 204. To the extent that the energy
storage system 204 1s unable to receive and/or store all of the
dynamic braking energy, the excess energy 1s routed to brak-
ing grids 110 for dissipation as heat energy. Also, during
periods when engine 102 1s being operated such that 1t pro-
vides more energy than 1s needed to drive the traction motors
108, the excess capacity (also referred to as excess prime
mover electric power) may be optionally stored 1n an energy
storage system 204. Accordingly, the energy storage system
204 can be charged at times other than when the traction
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motors 108 are operating in the dynamic braking mode. This
aspect of the system 1s 1llustrated 1n FIG. 3 by a dashed line
402.

The energy storage system 204 of FIG. 3 1s constructed and
arranged to selectively augment the power provided to the
traction motors 108 or, optionally, to power separate traction
motors associated with a separate energy tender vehicle (see
FIG. 1 above) or a load vehicle. Such power may be referred
to as secondary electric power and 1s derived from the elec-
trical energy stored in an energy storage system 204. Thus, the
system 400 1llustrated in FIG. 3 1s suitable for use 1n connec-
tion with a locomotive having an on-board energy storage
medium and/or with a separate energy tender vehicle.

FIG. 4 1s a block diagram that illustrates aspects of one
embodiment of an energy storage and generation system 500
suitable for use with a hybrid energy locomotive system. The
system 500 includes an energy management system 502 for
controlling the storage and regeneration of energy. It should
be understood, however, that the energy management system
502 1illustrated 1n FIG. 4 1s also suitable for use with other
large, off-highway vehicles that travel along a relatively well-
defined course. Such vehicles include, for example, large
excavators, excavation dump trucks, and the like. By way of
turther example, such large excavation dump trucks may
employ motorized wheels such as the GEB23™ AC motor-
1zed wheel employing the GE1350AC™ drive system (both of
which are available from the assignee of the present inven-
tion). Theretfore, although FIG. 4 1s generally described with
respect to a locomotive system, the system 500 1llustrated
therein 1s not to be considered as limited to locomotive appli-
cations.

Referring still to the exemplary embodiment illustrated in
FIG. 4, system 500 operates in the same general manner as
system 400 of FIG. 3; the energy management system 302
provides additional intelligent control functions. FIG. 4 also
illustrates an optional energy source 504 that is controlled by
the energy management system 502. The optional energy
source 504 may be a second engine (e.g., the charging engine
illustrated 1n FI1G. 2 or another locomotive in the consist) or a
completely separate power source (e.g., a wayside power
source such as a battery charger) for charging the energy
storage system 204. In one embodiment, such a separate
charger includes an electrical power station for charging an
energy storage medium associated with a separate energy
tender vehicle (e.g., tender vehicle 202 of FIG. 1) while
stationary, or a system for charging the energy storage
medium while the tender vehicle 1s in motion. In one embodi-
ment, optional energy source 504 1s connected to a traction
bus (not illustrated 1n F1G. 4) that also carries primary electric
power from primary mover power source 104.

As 1llustrated, in this embodiment the energy management
system 502 includes an energy management processor 306, a
database 508, and a position identification device 510, such
as, for example, a global positioning system (GPS) receiver.
The energy management processor 506 determines present
and anticipated train position information via the position
identification device 310. In one embodiment, energy man-
agement processor 506 uses this position information to
locate data in the database 508 regarding present and/or
anticipated track topographic and profile conditions, some-
times referred to as track situation information. Such track
situation information may include, for example, track grade,
track elevation (e.g., height above mean sea level), track curve
data, tunnel information, speed limit information, and the
like. It 1s to be understood that such database information
could be provided by a variety of sources including: an
onboard database associated with the processor 506, a com-
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munication system (e.g., a wireless communication system)
providing the information from a central source, manual
operator input(s ), via one or more wayside signaling devices,
a combination of such sources, and the like. Finally, other
vehicle information such as the si1ze and weight of the vehicle,
a power capacity associated with the prime mover, efliciency
ratings, present and anticipated speed, present and anticipated
clectrical load, and so on may also be included 1n a database
(or supplied 1n real or near real time) and used by energy
management processor 506. It should be appreciated that, in
an alternative embodiment, energy management system 502
could be configured to determine power storage and transfer
requirements associated with the energy storage system 204
in a static fashion. For example, energy management proces-
sor 306 could be preprogrammed with any of the above infor-
mation, or could use look-up tables based on past operating
experience (e.g., when the vehicle reaches a certain point, 1t 1s
nearly always necessary to store additional energy to meet an
upcoming demand).

The energy management processor 306 uses the present
and/or upcoming track situation information, along with
vehicle status information, to determine power storage and
power transier requirements. Energy management processor
506 also determines possible energy storage opportunities
based on the present and future track situation information.
For example, based on the track profile information, energy
management processor 506 may determine that it 1s more
eificient to completely use all of the stored energy, even
though present demand 1s low, because a dynamic braking
region 1s coming up (or because the train 1s behind schedule
and 1s attempting to make up time). In this way, the energy
management system 502 improves eificiency by accounting
for the stored energy belfore the next charging region 1s
encountered. As another example, energy management pro-
cessor 506 may determine not to use stored energy, despite
present demand, 11 a heavier demand 1s upcoming. Advanta-
geously, energy management system 302 may also be con-
figured to interface with engine controls. Also, as 1llustrated
in FI1G. 4, the energy storage system 204 may be configured to
provide an intelligent control interface with energy manage-
ment system 302.

In operation, energy management processor 506 deter-
mines a power storage requirement and a power transier
requirement. An energy storage system 204 stores electrical
energy 1n response to the power storage requirement. The
energy storage system 204 provides secondary electric power
(e.g., to a traction bus connected to inverters 106 to assist 1n
motoring) in response to the power transfer requirement. The
secondary electric power 1s derived from the electrical energy
stored 1n the energy storage system 204.

As explained above, energy management processor 506
determines the power storage requirement based, 1n part, on a
situation parameter indicative of a present and/or anticipated
track topographic characteristic. Energy management pro-
cessor 506 may also determine the power storage requirement
as a function of an amount of primary electric power available
from the primary mover power source 104. Similarly, energy
management processor 506 may determine the power storage
requirement as function of a present or anticipated amount of
primary electric power required to propel the locomotive
system.

Also, 1n determining the energy storage requirement,
energy management processor 506 considers various params-
cters related to the energy storage system 204. For example,
the energy storage system 204 will have a storage capacity
that 1s indicative of the amount of power that can be stored
therein and/or the amount of power that can be transterred to
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the energy storage system 204 at any given time. Another
similar parameter relates to the amount of secondary electric
power that the energy storage system 204 has available for
transier at a particular time.

As explained above, system 500 includes a plurality of
sources for charging the energy storage system 204. These
sources include dynamic braking power, excess prime mover
clectric power, and external charging electric power. The
energy management processor 306 determines which ofthese
sources should charge the energy storage system 204. In one
embodiment, present or anticipated dynamic braking energy
1s used to charge the energy storage system 204, i1f such
dynamic braking energy 1s available. If dynamic braking
energy 1s not available, either excess prime mover electric
power or external charging electric power 1s used to charge
the energy storage system 204.

In the embodiment of FIG. 4, energy management proces-
sor 506 determines the power transier requirement as a func-
tion of a demand for power. In other words, the energy storage
system 204 does not supply secondary electric power unless
the traction motors 108 are operating 1n a power consumption
mode (e.g., a motoring mode, as opposed to a dynamic brak-
ing mode). In one form, energy management processor 506
permits the energy storage system 204 to supply secondary
clectric power to inverters 106 until either (a) the demand for
power terminates or (b) the energy storage system 204 1s
completely depleted. In another form, however, energy man-
agement processor 306 considers anticipated power demands
and controls the supply of secondary electric power from the
energy storage system 204 such that suilicient reserve power
remains in the energy storage system 204 to augment prime
mover power source during peak demand periods. This may
be referred to as a “look ahead” energy management scheme.

In the look ahead energy management scheme, energy
management processor 506 considers various present and/or
anticipated track situation parameters, such as those dis-
cussed above. In addition, energy management processor
may also consider the amount of power stored 1n the energy
storage system 204, anticipated charging opportunities, and
any limitations on the ability to transfer secondary electric
power from the energy storage system 204 to inverters 106.

FIGS. 5A-D, 6 A-D, and 7A-E 1illustrate, 1n graphic form,
aspects of three different embodiments of energy manage-
ment systems, suitable for use with a hybrid energy vehicle,
that could be implemented 1n a system such as system 500 of
FIG. 4. It should be appreciated that these figures are provided
for exemplary purposes and that, with the benefit of the
present disclosure, other variations are possible. It should also
be appreciated that the values illustrated 1n these figures are
included to facilitate a detailed description and should not be
considered 1in a limiting sense. It should be turther understood
that, although the examples 1llustrated 1n these figures relate
to locomotives and trains, the energy management system and
methods 1dentified herein may be practiced with a variety of
large, off-highway vehicles that traverse a known course and
which are generally capable of storing the electric energy
generated during the operation of such vehicles (or with other
powered systems). Such off-highway vehicles include
vehicles using DC and AC traction motor drives and having
dynamic braking/retarding capabilities.

There are four similar charts in each group of figures
(FIGS. SA-D, FIGS. 6A-D, and FIGS. 7A-D). The first chart
in each group (i.e., FIGS. 5A, 6A, and 7A) illustrates the
required power for both motoring and braking. Thus, the first
chart graphically depicts the amount of power required by the
vehicle. Positive values on the vertical axis represent motor-
ing power (horsepower); negative values represent dynamic
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braking power. It should be understood that motoring power
could originate with the prime mover (e.g., diesel engine 1n a
locomotive), or from stored energy (e.g., 1n an energy storage
medium 1n a separate energy tender vehicle or 1n a locomo-
tive), or from a combination of the prime mover and stored
energy. Dynamic braking power could be dissipated or stored

in the energy storage medium.

The horizontal axis 1n all charts reflects time 1n minutes.
The time basis for each chart 1n a given figure group are
intended to be the same. It should be understood, however,
that other reference bases are possible.

The second chart 1n each group of figures (1.e., FIGS. 5B,
6B, and 7B) retlects theoretical power storage and consump-
tion. Positive values reflect the amount of power that, 1 power
were available 1in the energy storage medium, could be drawn
to assist 1n motoring. Negative values retlect the amount of
power that, if storage space remains in the energy storage
medium, could be stored in the medium. The amount of
power that could be stored or drawn 1s partially a function of
the converter and storage capabilities of a given vehicle con-
figuration. For example, the energy storage medium will have
some maximumy/finite capacity. Further, the speed at which
the storage medium 1s able to accept or supply energy 1s also
limited (e.g., batteries typically charge slower than flywheel
devices). Other variables also aflect energy storage. These
variables include, for example, ambient temperature, the size
and length of any interconnect cabling, current and voltage
limits on DC-to-DCDC-to-DC converters used for battery
charging, power ratings for an mverter for a flywheel drive,
the charging and discharging rates of a battery, or a motor/
shaft limit for a flywheel drive. The second chart assumes that
the maximum amount of power that could be transferred to or
from the energy storage medium at a given time 1s 500 hp.
Again, 1t should be understood that this 500 hp limit 1s
included for exemplary purposes. Hence, the positive and
negative limits 1n any given system could vary as a function of
ambient conditions, the state and type of the energy storage
medium, the type and limits of energy conversion equipment
used, and the like.

The third chartin each figure group (1.¢., FIGS. 5C, 6, and
7C) depicts a power transier associated with the energy stor-
age medium. In particular, the third chart 1llustrates the actual
power being transferred to and from the energy storage
medium versus time. The third chart reflects limitations due
to the power available for storage, and limitations due to the
present state of charge/storage of the energy storage medium
(e.g., the speed of the flywheel, the voltage 1n an ultra-capaci-
tor, the charge 1n the battery, and the like).

The fourth chart 1n each figure group (1.e., FIGS. 5D, 6D,
and 7D) depicts actual energy stored. In particular, the fourth
chart illustrates the energy stored in the energy storage
medium at any particular mstant 1n time.

Referring first to FIGS. 5A-D, these figures reflect an
energy management system that stores energy at the maxi-
mum rate possible during dynamic braking until the energy
storage medium 1s completely full. In this embodiment, all
energy transiers to the storage medium occur during dynamic
braking. In other words, 1n the embodiment reflected 1n FIGS.
5A-D, no energy 1s transierred to the energy storage medium
from excess prime mover power available during motoring, or
from other energy sources. Similarly, energy 1s discharged, up
to the maximum rate, whenever there 1s a motor demand
(limited to and not exceeding the actual demand) until the
energy storage medium 1s completely discharged/empty.
FIGS. 5A-D assume that the energy storage medium 1s com-
pletely discharged/empty at time 0.
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Referring now specifically to FIG. SA, as mentioned
above, the exemplary curve i1dentified therein illustrates the
power required (utilized) for motoring and dynamic braking.
Positive units of power retlect when motoring power 1s being
applied to the wheels of the vehicle (e.g., one or more traction
motors are driving locomotive wheels). Negative units of
power reflect power generated by dynamic braking.

FIG. 5B 1s an exemplary curve that reflects power transier
limaits. Positive values retlect the amount of stored energy that
would be used to assist in the motoring effort, if such energy
were available. Negative units retlect the amount of dynamic
braking energy that could be stored in the energy storage
medium 1f the medium were able to accept the full charge
available. In the example of FIG. 5B, the energy available for
storage at any given time 1s 1llustrated as being limited to 500
units (e.g., horsepower). As explained above, a variety of
factors limit the amount of power that can be captured and
transferred. Thus, from about O to 30 minutes, the locomotive
requires less than 500 hp. If stored energy were available, it
could be used to provide all of the motoring power. From
about 30 minutes to about 65 or 70 minutes, the locomotive
requires more than 500 hp. Thus, 11 stored energy were avail-
able, 1t could supply some (e.g., 500 hp) but not all of the
motoring power. From about 70 minutes to about 75 minutes
or so, the locomotive 1s 1n a dynamic braking mode and
generates less than 500 hp of dynamic braking energy. Thus,
up to 500 hp of energy could be transierred to the energy
storage medium, 1f the medium retained suilicient capacity to
store the energy. At about 75 minutes, the dynamic braking
process generates 1 excess of 500 hp. Because of power
transier limits, only up to 500 hp could be transferred to the
energy storage medium (again, assuming that storage capac-
ity remains); the excess power would be dissipated 1n the
braking grids. It should be understood that FIG. 3B does not
reflect the actual amount of energy transierred to or from the
energy storage medium. That information 1s depicted in FIG.
5C.

FIG. 5C 1s reflects the power transier to/from the energy
storage medium at any given instant of time. The example
shown therein assumes that the energy storage medium 1s
completely empty at time 0. Therefore, the system cannot
transier any power from the storage at this time. During a first
time period A (from approximately 0-70 minutes), the vehicle
1s motoring (see FIG. SA) and no power 1s transierred to or
from the energy storage. At the end of the first time period A,
and for almost 30 minutes thereafter, the vehicle enters a
dynamic braking phase (see FIG. SA). Durning this time,
power from the dynamic braking process 1s available for
storage (see FIG. SB).

During a second time period B (from approximately 70-80
minutes ), dynamic braking energy 1s transierred to the energy
storage medium at the maximum rate (e.g., S00 units) until
the storage 1s full. During this time there 1s no motoring,
demand to deplete the stored energy. Thereafter, during a
third time period C (from approximately 80-105 minutes), the
storage 1s Tull. Consequently, even though the vehicle remains
in the dynamic braking mode or 1s coasting (see FIG. 5A), no
energy 1s transierred to or from the energy storage medium
during time period C.

During a fourth time period D (from approximately 105-
120 minutes), the vehicle resumes motoring. Because energy
1s available 1n the energy storage medium, energy 1s drawn
from the storage and used to assist the motoring process.
Hence, the curve 1llustrates that energy 1s being drawn from
the energy storage medium during the fourth time period D.

At approximately 120 minutes, the motoring phase ceases
and, shortly thereafter, another dynamic braking phase
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begins. This dynamic braking phase reflects the start of a fifth
time period E, which lasts from approximately 125-145 min-
utes. As can be appreciated by viewing the curve during the
fifth time period . the

E, when the dynamic braking phase ends,
energy storage medium 1s not completely charged.

Shortly before the 1350-minute point, a sixth time period F
begins which lasts from approximately 150-170 minutes.
During this time period and thereafter (see FIG. 5A), the
vehicle 1s motoring. From approximately 150-170 minutes,
energy 1s transierred from the energy storage medium to
assist in the motoring process. At approximately 170 minutes,
however, the energy storage 1s completely depleted. Accord-
ingly, from approximately 170-200 minutes (the end of the
sample window), no energy is transferred to or from the
energy storage medium.

FIG. 5D 1llustrates the energy stored in the energy storage
medium of the exemplary embodiment reflected 1n FIGS.
5A-D. Recall that 1n the present example, the energy storage
medium 1s assumed to be completely empty/discharged at
time 0. Recall also that the present example assumes an
energy management system that only stores energy from
dynamic braking. From approximately 0-70 minutes, the
vehicle 1s motoring and no energy 1s transierred to or from the
energy storage medium. From approximately 70-80 minutes
or so, energy from dynamic braking is transierred to the
energy storage medium until 1t 1s completely tull. At approxi-
mately 105 minutes, the vehicle begins another motoring
phase and energy 1s drawn from the energy storage medium
until about 120 minutes. At about 125 minutes, energy from
dynamic braking 1s again transierred to the energy storage
medium during another dynamic braking phase. At about 145
minutes or so, the dynamic braking phase ends and storage
ceases. At about 1350 minutes, energy 1s drawn from the
energy storage medium to assist in motoring until all of the
energy has been depleted at approximately 170 minutes.

FIGS. 6 A-D correspond to an energy management system
that includes a “look ahead™ or anticipated needs capability.
Such a system 1s unlike the system reflected 1n FIGS. 5A-D,
which simply stores dynamic braking energy when 1t can, and
uses stored energy to assist motoring whenever such stored
energy 1s available. The energy management system reflected
by the exemplary curves of FIGS. 6 A-D anticipates when the
prime mover cannot produce the full required demand, or
when 1t may be less efficient for the prime mover to produce
the full required demand. As discussed elsewhere herein, the
energy management system can make such determinations
based on, for example, known present position, present
energy needs, anticipated future track topography, antici-
pated future energy needs, present energy storage capacity,
anticipated energy storage opportunities, and like consider-
ations. The energy management system depicted 1 FIGS.
6A-D, therefore, preferably prevents the energy storage
medium from becoming depleted below a determined mini-
mum level required to meet future demands.

By way of further example, the system reflected 1n FIGS.
6A-D 1s premised on a locomotive having an engine that has
a “prime mover limit” of 4000 hp. Such a limit could exist for
various factors. For example, the maximum rated output
could be 4000 hp, or operating efficiency considerations may
counsel against operating the engine above 4000 hp. It should
be understood, however, that the system and figures are
intended to retlect an exemplary embodiment only, and are
presented herein to facilitate a detailed explanation of aspects
ol an energy management system suitable for use with ofl-
highway hybrid energy vehicles (or other powered Systems)
such as, for example, the locomotive system 1llustrated 1n
FIG. 1.
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Referring now to FIG. 6A, the exemplary curve 1llustrated
therein depicts the power required for motoring (positive) and
braking (negative). At approximately 180 minutes, the motor-
ing demand exceeds 4000 hp. Thus, the total demand at that
time exceeds the 4000 hp operating constraint for the engine.
The “look ahead” energy management system reflected 1n
FIGS. 6 A-D, however, anticipates this upcoming need and
ensures that sutlicient secondary power 1s available from the
energy storage medium to fulfill the energy needs.

One way for the energy management system to accomplish
this 1s to look ahead (periodically or continuously) to the
upcoming track/course profile (e.g., incline/decline, length of
incline/decline, and the like) for a given time period (also
referred to as a look ahead window). In the example 1llus-
trated in FIGS. 6 A-D, the energy management system looks
ahead 200 minutes and then computes energy needs/require-
ments backwards. The system determines that, for a brief
period beginning at 180 minutes, the engine would require
more energy than the preferred limat.

FIG. 6B 1s similar to FIG. SB. FIG. 6B, however, also
illustrates the fact that the energy storage medium 1s empty at
time 0 and, therefore, there can be no power transier from the
energy storage medium unless and until 1t 1s charged. FIG. 6B
also retlects a look ahead capability.

Comparing FIGS. 5A-D with FIGS. 6A-D, it 1s apparent
how the systems respectwely deplcted therein differ.
Although the required power 1s the same 1n both examples
(see FIGS. 5A and 6A), the system retlected in FIGS. 6 A-D
prevents complete discharge of the energy storage medium
prior to the anticipated need at 180 minutes. Thus, as can be
seen 1n FIGS. 6C and 6D, prior to the 180-minute point, the
system brietly stops transierring stored energy to assist in
motoring, even though additional stored energy remains
available. The additional energy 1s thereafter transferred,
beginning at about 180 minutes, to assist the prime mover
when the energy demand exceeds 4000 hp. Hence, the system
clfectively reserves some of the stored energy to meet upcom-
ing demands that exceed the desired limit of the prime mover.

It should be understood and appreciated that the energy
available in the energy storage medium could be used to
supplement driving traction motors associated with the prime
mover, or could also be used to drive separate traction motors
(c.g., on a tender or load vehicle). With the benefit of the
present disclosure, an energy management system accommo-
dating a variety of configurations 1s possible.

FIGS. 7A-E reflect pertinent aspects of another embodi-
ment of an energy management system suitable for use in
connection with ofl-highway hybrid energy vehicles. The
system reflected 1n FIGS. 7A-E includes a capability to store
energy from both dynamic braking and from the prime mover
(or another charging engine such as that illustrated 1n FIG. 2).
For example, a given engine may operate most efficiently at a
given power setting (e.g., 4000 hp). Thus, 1t may be more
cificient to operate the engine at 4000 hp at certain times, even
when actual motoring demand falls below that level. In such
cases, the excess energy can be transierred to an energy
storage medium.

Thus, comparing FIGS. 7A-D with FIGS. SA-D and 6 A-D,
the differences between the systems respectively depicted
therein become apparent. Referring specifically to FIGS. 7TA
and 7D, from about 0-70 minutes, the motoring requirements
(FIG. 7A) are less than the exemplary optimal 4000 hp set-
ting. If desirable, the engine could be run at 4000 hp during
this time and the energy storage medium could be charged. As
illustrated, however, the energy management system deter-
mines that, based on the upcoming track profile and antici-
pated dynamic braking period(s), an upcoming dynamic
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braking process will be able to fully charge the energy storage
medium. In other words, 1t 1s not necessary to operate the
engine at 4000 hp and store the excess energy in the energy
storage medium during this time because an upcoming
dynamic braking phase will supply enough energy to fully
charge the storage medium. It should be understood that the
system could also be designed 1n other ways. For example, 1n
another configuration the system always seeks to charge the
storage medium whenever excess energy could be made
available.

At approximately 180 minutes, power demands will
exceed 4000 hp. Thus, shortly before that time (while motor-
ing demand 1s less than 4000 hp), the engine can be operated
at 4000 hp, with the excess energy used to charge the energy
storage medium to ensure suificient energy 1s available to
meet the demand at 180 minutes. Thus, unlike the systems
reflected 1n FIGS. 5D and 6D, the system reflected 1n FIG. 7D
provides that, for a brief period prior to 180 minutes, energy
1s transierred to the energy storage medium from the prime
mover, even though the vehicle 1s motoring (not braking).

FIG. 7E illustrates one way that the energy management
system can implement the look ahead capability to control
energy storage and transfer 1n anticipation of future demands.
FIG. 7E assumes a system having a 200-minute look ahead
window. Such a look ahead window 1s chosen to facilitate an
explanation of the system and should not be viewed 1n a
limiting sense. Beginning at the end of the window (200
minutes), the system determines the power/energy demands
at any grven point in time. If the determined demand exceeds
the prime mover’s capacity or limit, the system continues
back and determines opportunities when energy can be
stored, 1n advance of the determined excess demand period,
and ensures that sullicient energy 1s stored during such oppor-
tunities.

Although FIGS. 5A-D, 6 A-D, and 7A-E have been sepa-
rately described, 1t should be understood that the systems
reflected therein could be embodied 1n a single energy man-
agement system. Further, the look ahead energy storage and
transier capability described above could be accomplished
dynamically or in advance. For example, in one form, an
energy management processor (see FIG. 4) 1s programmed to
compare the vehicle’s present position with upcoming track/
course characteristics in real or near real time. Based on such
dynamic determinations, the processor then determines how
to best manage the energy capture and storage capabilities
associated with the vehicle 1n a manner similar to that
described above with respect to FIGS. 6A-D and 7A-E. In
another form, such determinations are made 1n advance. For
example, an off-vehicle planming computer may be used to
plan a route and determine energy storage and transier oppor-
tunities based on a database of known course information and
projected conditions such as, for example, vehicle speed,
weather conditions, and the like. Such pre-planned data
would thereafter be used by the energy management system
to manage the energy capture and storage process. Look
ahead planning could also be done based on a route segment
Or an entire route.

It should further be understood that the energy manage-
ment system and methods described herein may be put into
practice with a variety of vehicle configurations. For
example, such systems and methods could be practiced with
a locomotive having a separate energy tender vehicle housing
the energy capture and storage medium. As another example,
the energy management systems and methods herein
described could be employed with a locomotive having a
separate energy tender vehicle that employs 1ts own traction
motors. In another example, the energy management systems
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and methods described herein may be employed as part of an
off-highway wvehicle, such as a locomotive, in which the
energy storage medium 1s included as part of the vehicle
itself. Other possible embodiments and combinations should
be appreciated from the present disclosure and need not be
recited in additional detail herein.

FIGS. 8 A-8G are electrical schematics illustrating several
different embodiments of an electrical system suitable for use
in connection with a hybrid energy locomotive (or other
vehicle or powered system). In particular, the exemplary
embodiments illustrated 1n these figures relate to a hybnd
energy diesel-electric locomotive system. It should be under-
stood that the embodiments 1llustrated 1n FIGS. 8 A-8G could
be incorporated 1n a plurality of configurations, including
those already discussed herein (e.g., a locomotive with a
separate energy tender vehicle, a locomotive with a seli-
contained hybrid energy system, an autonomous tender
vehicle, and the like).

FIG. 8 A illustrates an electrical schematic of a locomotive
clectrical system having an energy capture and storage
medium suitable for use in connection with aspects of the
systems and methods disclosed herein. The particular energy
storage element illustrated 1n FIG. 8 A comprises a battery
storage 902. The battery storage 902 i1s connected directly
across the traction bus (DC bus 122). In this exemplary
embodiment, an auxiliary power drive 904 1s also connected
directly across DC bus 122. The power for the auxiliaries 1s
derived from DC bus 122, rather than a separate bus.

It should be appreciated that more than one type of energy
storage element may be employed in addition to battery stor-
age 902. For example, an optional flywheel storage element
906 (“FW/STORAGE”) can also be connected in parallel
with battery storage 902. The flywheel storage element 906
shown 1n FIG. 8 A may be powered by an AC motor or gen-
erator connected to DC bus 122 via an inverter or converter.
Other storage elements such as, for example, capacitor stor-
age devices (including ultra-capacitors) and additional bat-
tery storages (not shown) can also be connected across the DC
bus and controlled using choppers and/or converters and the
like. It should be understood that although battery storage 902
1s schematically 1illustrated as a single battery, multiple bat-
teries or battery banks may likewise be employed.

In operation, the energy storage elements (e.g., battery
storage 902 and/or any optional energy storage elements such
as the flywheel storage element 906) are charged directly
during dynamic braking operations. Recall that, during
dynamic braking, one or more of the traction motor sub-
systems (e.g., 124 A-124F) operate as generators and supply
dynamic braking electric power that 1s carried on DC bus 122.
Thus, all or a portion of the dynamic braking electric power
carried on DC bus 122 may be stored 1n the energy storage
clement because the power available on the bus exceeds
demand. When the engine 1s motoring, the battery (and any
other optional storage element) 1s permitted to discharge and
provide energy to DC bus 122 that can be used to assist in
driving the traction motors. This energy provided by the stor-
age element may be referred to as secondary electric power.
Advantageously, because the auxilhiaries are also driven by the
same bus 1n this configuration, the ability to take power
directly from DC bus 122 (or put power back into bus 122) 1s
provided. This helps to minimize the number of power con-
version stages and associated ineificiencies due to conversion
losses. It also reduces costs and complexities.

It should be appreciated that the braking grids may still be
used to dissipate all or a portion of the dynamic braking
clectric power generated during dynamic braking operations.
For example, an energy management system may be used 1n
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connection with the system illustrated 1in FIG. 8A. Such an
energy management system 1s configured to control one or
more ol the following functions: energy storage; stored
energy usage; and energy dissipation using the braking grids.
It should further be appreciated that the battery storage (and/
or any other optional storage element) may optionally be

coniigured to store excess prime mover electric power that 1s
available on the traction bus.

Those skilled 1n the art should appreciate that certain cir-
cumstances preclude the operation of a diesel engine when
the locomotive and/or train need to be moved. For example,
the engine may not be operable. As another example, various
rules and concerns may prevent the operation of the engine
inside buildings, yvards, maintenance facilities, or tunnels. In
such situations, the train 1s moved using stored battery power.
Advantageously, various hybrid energy locomotive configu-
rations disclosed herein permit the use of stored power for
battery jog operations directly. For example, the battery stor-
age 902 of FIG. 8A can be used for battery jog operations.
Further, the prior concept of battery jog operations suggests a
relatively short time period over a short distance. The various
configurations disclosed herein permit jog operations for
much longer time periods and over much longer distances.

FIG. 8B 1llustrates a variation of the system of FIG. 8A. A
primary difference between FIGS. 8A and 8B 1s that the
system shown 1 FIG. 8B includes chopper circuits DBC1
and DBC2 connected 1n series with the braking grids. The
chopper circuits DBC1 and DBC2 allow fine control of power
dissipation through the grids that, therefore, provides greater
control over the storage elements such as, for example, bat-
tery storage 902. In one embodiment, chopper circuits DBC1
and DBC2 are controlled by an energy management system
(see FIG. 4). It should also be appreciated that chopper cir-
cuits DBC1 and DBC2, as well as any optional storage
devices added to the circuit (e.g., flywheel storage element
906), could also be used to control transient power.

In the configuration of FIG. 8 A, the dynamic braking con-
tractors (e.g., DB1, DB2) normally only control the dynamic
braking grids 1n discrete increments. Thus, the power flowing
into the grids 1s also 1n discrete increments (assuming a fixed
DC voltage). For example, if each discrete increment 1s 1000
hp, the battery storage capability 1s 2000 hp, and the braking
energy returned 1s 2500 hp, the battery cannot accept all of the
braking energy. As such, one string of grids is used to dissi-
pate 1000 hp, leaving 1500 hp for storage in the battery. By
adding choppers DBC1, DBC2, the power dissipated in each
orid string can be more closely controlled, thereby storing
more energy in the battery and improving etficiency. In the
foregoing example, choppers DBC1 and DBC2 can be oper-
ated at complementary 50% duty cycles so that only 500 hp of
the braking energy 1s dissipated 1n the grids and 200 hp 1s
stored 1n the battery.

FIG. 8C 1s an electrical schematic of a locomotive electri-
cal system illustrating still another configuration for imple-
menting an energy storage medium. In contrast to the systems

illustrated 1n FIGS. 8A and 8B, the battery storage 902 of
FIG. 8C 1s connected to DC bus 122 by way of a DC-to-DC
converter 910. Such a configuration accommodates a greater
degree of variation between DC bus 122 voltage and the
voltage rating of battery storage 902. Multiple batteries and/
or DC storage elements (e.g., capacitors) could be connected
in a similar manner. Likewise, chopper control, such as that
illustrated in FIG. 8B could be implemented as part of the
configuration of FIG. 8C. It should be further understood that
the DC-to-DC converter 910 may be controlled via an energy
management processor (see FIG. 4) as part of an energy
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management system and process that controls the storage and
regeneration of energy 1n the energy storage medium.

In operation, the electric power carried on DC bus 122 1s
provided at a first power level (e.g., a first voltage level). The
DC-to-DC converter 910 1s electrically coupled to DC bus
122. The DC-to-DC converter 910 receives the electric power
at the first power level and converts 1t to a second power level
(e.g., a second voltage level). In this way, the electric power
stored 1n battery storage 902 1s supplied at the second power
level. It should be appreciated that the voltage level on DC bus
122 and the voltage supplied to battery storage 902 via DC-to-
DC converter 910 may also be at the same power level. The
provision ol DC-to-DC converter 910, however, accommo-
dates variations between these respective power levels.

FIG. 8D 1s an electrical schematic of a locomotive electri-
cal system that 1s similar to the system shown in FIG. 8C. One
difference between these systems 1s that the auxiliary power
drive 904 reflected 1n FIG. 8D 1s connected to DC bus 122 via
a pair of DC-to-DC converters 912 and 914. Such a configu-
ration provides the advantage of allowing the use of existing,
lower voltage auxiliary drives and/or motor drives having low
insulation. On the other hand, in this configuration, the aux-
iliary power traverses two power conversion stages. It should
be understood that although FI1G. 8D illustrates the auxiliaries
as consuming power all of the time—not regenerating—bi-
directional DC-to-DC converters can also be used 1n configu-
rations 1 which 1t 1s desirable to have the auxiliaries regen-
crate power (see, for example, FIG. 8G). These DC-to-DC
converters 912 and 914 are preferably controlled via an
energy management system that controls the storage and
regeneration of energy in the energy storage medium.

FIG. 8E illustrates, in electrical schematic form, still
another configuration of an energy storage medium. Unlike
the examples 1llustrated 1n FIGS. 8A-8D, however, the con-
figuration of FIG. 8E includes a separate DC battery bus 922.
The separate battery bus 922 1s electrically 1solated from main
DC bus 122 (the traction bus) by a DC-to-DC converter 920
(also referred to as a two-stage converter). Accordingly, the
power tlow between the traction bus (DC bus 122), the energy
storage clements, and the auxiliaries preferably passes
through the bi-directional DC-to-DC converter 920. In the
configuration of FIG. 8E, any additional storage elements
(e.g., flywheels, capacitors, and the like) may be connected
across the DC battery bus 922, rather than across the main DC
bus 122. The DC-to-DC converter 920 may be controlled via
an energy management system that controls the storage and
regeneration of energy in the energy storage medium.

FI1G. 8F reflects a variation of the configuration of FIG. 8E.
In the configuration of FIG. 8F, any variable voltage storage
clements (e.g., capacitors, flywheels, and the like) that are
used 1n addition to a flywheel storage element 906, such as a
battery, are connected directly across main DC bus 122 (the
traction bus). However, the flywheel storage element 906,
such as a battery remains connected across the 1solated DC
battery bus 922. Advantageously, 1n this configuration DC-to-
DC converter 920 matches the voltage level of battery storage
902 but avoids two conversions of large amounts of power for
the variable voltage storage elements. Like the other configu-
rations, the configuration of FIG. 8F may be implemented in
connection with an energy management system that oversees
and controls the storage and regeneration of energy in the
energy storage medium.

FI1G. 8G reflects a variation of the configuration of FIG. 8F
in which only the auxiliaries are connected to a separate
auxiliary bus 930 through the DC-to-DC converter 920.
Accordingly, electric power carried on DC bus 122 1s pro-
vided at a first power level and power carried on the auxiliary
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bus 930 1s provided at a second power level. The first and
second power levels may or may not be the same.

FIGS. 9A-9C are electrical schematics that 1llustrate addi-
tional embodiments, including embodiments particularly
suited for modifying existing AC diesel-electric locomotives
to operate 1n accordance with aspects of the present disclo-
sure. It should be understood, however, that the configura-
tions illustrated and described with respect to FIGS. 9A-9C
are not limited to retrofitting existing diesel-electric locomo-
tives.

FIG. 9A 1llustrates a variation of the embodiment 1llus-
trated 1n FIG. 8C. The embodiment of FIG. 9A uses only
battery storage devices and does not include a non-battery
storage, such as optional flywheel storage element 906. In
particular, FIG. 9A 1llustrates an embodiment having a con-
verter 1006 (e.g., a DC-to-DC converter) connected across
DC bus 122. A battery storage element 1002 1s connected to
the converter 1006. Additional converters and battery storage
clements may be added to this configuration in parallel. For
example, another converter 1008 may be connected across
DC bus 122 to charge another battery storage element 1004.
One of the advantages of the configuration of FIG. 9A 1s that
it facilitates the use of multiple batteries (or battery banks)
having different voltages and/or charging rates.

In certain embodiments, power transier between energy
storage devices 1s facilitated. The configuration of FIG. 9A,
for mstance, allows for energy transier between batteries
1002 and 1004 via the DC bus 122. For example, 1f, during
motoring operations, the engine (prime mover) supplies 2000
hp of power to the DC traction bus, the traction motors con-
sume 2000 hp, and battery 1002 supplies 100 hp to the trac-
tion bus (via converter 1006), the excess 100 hp 1s effectively
transierred from battery 1002 to battery 1004 (less any nor-
mal losses).

The configuration 1llustrated 1n FI1G. 9B 1s similar to that of
FIG. 9A, except that it uses a plurality of converters (e.g.,
converters 1006, 1008) connected to the DC bus 122 to supply
a common battery 1020 (or a common battery bank). One of
the advantages of the configuration of F1G. 9B 1s that it allows
the use of relatively smaller converters. This may be particu-
larly advantageous when retrofitting an existing locomotive
that already has one converter. A similar advantage of this
configuration 1s that 1t allows the use of higher capacity bat-
teries. Still another advantage of the configuration of FIG. 9B
1s that 1t permits certain phase shifting operations, thereby
reducing the ripple current in the battery and allowing the use
of smaller inductors (not shown). For example, 11 converters
1006 and 1008 are operated at 1000 Hz, 50% duty cycles, and
the duty cycles are selected such that converter 1006 1s on
while converter 1008 1s oif, the converter effect1s as if a single
converter 1s operating at 2000 Hz, which allows the use of
smaller inductors.

FIG. 9C an celectrical schematic illustrating another
embodiment that 1s particularly well-suited for retrofitting an
existing diesel-electric locomotive to operate as a hybnd
energy locomotive. The configuration of FIG. 9C uses a
double set of converters 1006, 1030 and one or more batteries
1020 (of the same or different voltage levels). An advantage
of the system depicted 1n FI1G. 9C 1s that the battery 1020 can
be at a higher voltage level than the DC bus 122. For example,
if the converters 1006, 1008 1llustrated in FIGS. 9A and 9B
are typical two quadrant converters, they will also have free-
wheeling diodes associated therewith (not 1llustrated). It the
voltage of battery 1002, 1004 (FIG. 9A), or 1020 (FIG. 9B)
exceeds the DC bus voltage, the battery will discharge
through the freewheeling diode. A double converter, such as
that 1llustrated in FIG. 9C, avoids this situation. One advan-
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tage of this capability 1s that the voltage level on the DC bus
can be modulated to control power to the dynamic braking
orids independently.

FIG. 10 1s an electrical schematic that illustrates one
embodiment of an arrangement for connecting electrical stor-
age elements. In particular, FIG. 10 1llustrates an electrical
schematic of a system that may be used for retrofitting a prior
art diesel-electric locomotive to operate as a hybrid energy
locomotive, or for installing a hybrid energy system as part of

the original equipment during the manufacturing process.
The embodiment 1llustrated assumes an AC diesel-electric
locomotive with six axles. Each axle 1s driven by an indi-
vidual traction motor subsystem. One such AC locomotive 1s
the AC4400, available from the assignee of the present inven-
tion.

Typically, the converter/motor system has extra capability
(e.g., power capacity) available 1n the majority of operating
conditions. Such extra capability may be due to lower actual
ambient conditions, as compared with the design criteria. For
example, some locomotives are designed to operate 1n ambi-
ent temperatures of up to 60 degrees Celsius, which 1s well
above typical operating conditions. Considerations other than
thermal conditions may also result 1n extra capacity during
significant operating periods. In a typical diesel-electric loco-
motive, for instance, the use of all of the traction motors may
only be required for low speed and when the locomotive
operates 1 an adhesion limited situation (poor rail condi-
tions). In such case, the weight on the driven axles determines
the pulling power/tractive effort. Hence, all axles/motors
need to be driven to obtain maximum tractive effort. This can
be especially true 11 the train 1s heavily loaded during poor rail
conditions (snowy or slippery). Such conditions are normally
present for only a fraction of the locomotive operating time.
During the majority of the operating time, all of the traction
motors/inverters are not fully utilized to supply tractive effort.
Thus, for example, when retrofitting an existing prior art
locomotive, or manufacturing a new locomotive, it 1s possible
to take advantage of this partial underutilization of the trac-
tion motors/inverters.

By way of a specific example, the embodiment of FIG. 10
1s configured such that one of the six traction motor sub-
systems 1s connected to the battery 1102, through a transfer
switch 1104 and a plurality of inductors 1110. More particu-
larly, the traction motor subsystem 124F includes an inverter
106F and a traction motor 1108F. Such a configuration 1s
suited for retrofitting a single axle of an existing prior art
diesel-electric locomotive. It should be understood that ret-
rofitting a typical prior art diesel-electric locomotive requires
the addition of power conversion equipment and associated
cooling devices. The space available for installing the retrofit
equipment, however, 1s generally limited. Therefore, one of
the advantages of the “single-axle” configuration of FIG. 10
1s that i1t tends to minimize 1mpacts and makes retrofitting a
more viable option. Similar advantages, however, may also be
enjoyed when the hybrid energy system 1s installed as original
equipment during manufacturing.

The transter switch 1104 1s a three-phase set of contractors
or a set ol motorized contacts (e.g., bus bars) that connect the
inverter 106F to traction motor 1108F when all of the axles
are needed, and connects inverter 106F to inductors 1110 and
battery 1102 when battery charging or discharging is desired.
Thus, transter switch 1104 has a first connection state and a
second connection state. In the first connection state, transier
switch 1104 connects inverter 106F to traction motor 1108F.
In the second connection state, transfer switch connects
inverter 106F to battery 1102.

10

15

20

25

30

35

40

45

50

55

60

65

22

Transter switch 1104 1s controlled by a switch controller
1120. In one form, the switch controller 1120 1s a manual
operator-controlled switch that places transfer switch 1104
into the first or the second connection state. In another form,
the switch controller reflects control logic that controls the
connection state of transfer switch 1104 1n accordance with a
designated operating scheme. Table I (below) 1s indicative of
one such operating scheme. Other schemes are possible.

TABLE I

Five Axles Six Axles

Low Speed And Low Tractive
Effort Settings

High Speed Motoring

Battery Discharged & Motoring
Very High Speed Dynamic Braking

Battery Fully Charged & Dynamic
Braking
No Battery Charging & Motoring

Although FIG. 10 illustrates a three-phase connection
between battery 1102 and transfer switch 1104, 1t 1s not
necessary that all three phases be used. For example, if the
power requirement 1s relatively low, only one or two phases
may be used. Similarly, three separate batteries could be
independently connected (one to each phase), or one large
battery could be connected to two phases, with a relatively
smaller battery connected to the third phase. Further, power
transier between multiple batteries having different voltage
potentials and/or capacities 1s also possible.

The configuration of FIG. 10 1s especially advantageous 1n
the context of retrofitting existing locomotives because trans-
ter switch 1104 1s believed to be much less expensive than
adding additional inverters and/or DC-to-DC converters.

Such advantage, however, 1s not limited to the retrofit context.
Also, 1t should be understood that the configuration of FI1G. 10

1s not limited to a single iverter per transier switch configu-
ration.

FIG. 10 further 1llustrates an optional charging source 1130
that may be electrically connected to DC traction bus 122.
The optional charging source 1130 may be, for example,
another charging engine (see FIG. 2) or an external charger,
such as that discussed in connection with FIG. 4.

The general operation of the configuration of FIG. 10 waill
be described by reference to the connection states of transier
switch 1104. When transfer switch 1104 1s in the first switch
state, the sixth axle 1s selectively used to provide additional
motoring or braking power. In this switch state, battery 1102
1s ellectively disconnected and, therefore, neither charges nor
discharges.

When the sixth axle 1s not needed, switch controller 1120
places transier switch 1104 1n the second connection state,
wherein battery 1102 1s connected to inverter 106F. If, at this
time, the other traction motors (e.g., traction motor 108A) are
operating in a dynamic braking mode, electrical energy 1s
generated and carried on DC traction bus 122, as described 1n
greater detail elsewhere herein. Inverter 106F transfers a por-
tion of this dynamic braking electrical energy to battery 1102
for storage. I1, on the other hand, the other traction motors are
operating 1n a motoring mode, inverter 106F transfers any
clectrical energy stored 1n battery 1102 onto DC traction bus
122 to supplement the primary electric power supplied by
primary mover power source 104. Such electrical energy
transierred from battery 1102 to DC traction bus 122 may be
referred to as secondary electric power. In one embodiment,
inverter 106F comprises a chopper circuit for controlling the
provision of secondary electric power to DC traction bus 122
from battery 1102.
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It should be understood, however, that battery 1102 can
also be charged when the other traction motors are not oper-
ating 1n a dynamic braking mode. For example, the battery
can be charged when transter switch 1104 1s i1n the second
connection state (battery 1102 1s connected to inverter 106F)
and the other traction motors are motoring or 1dling if the
amount of power drawn by the other traction motors 1s less
than the amount of primary electric power carried on DC
traction bus 122.

Advantageously, battery 1102 can also be charged using
charging electric power from the optional charging source
1130, such as an optional energy source. As illustrated in FIG.
10, the optional charging source 1130, such as an optional
energy source 1s connected such that 1t provides charging
clectric power to be carried on DC traction bus 122. When the
optional charging source 1130, such as an optional energy
source 1s connected and providing charging electric power,
switch controller 1120 places transfer switch 1104 in the
second connection state. In this configuration, inverter 106F
transiers a portion of the electric power carried on DC traction
bus 122 to battery 1102 for storage. As such, battery 1102
may be charged from the optional charging source 1130, such
as an optional energy source.

In summary, 1n the embodiment of FIG. 10, when transier
switch 1s 1n the second connection state, battery 1102 may be
charged from dynamic braking energy, from excess locomo-
tive energy (e.g., when the other traction motors draw less
power than the amount of primary electric power carried on
DC traction bus 122), and/or from charging electric power
from optional charging source 1130. When transier switch
1104 1s 1n the second connection state and the other traction
motors draw more power than the amount of primary electric
power carried on DC traction bus 122, inverter 106F transiers
secondary electric power from battery 1102 to DC traction
bus 122 to supplement the primary electric power. When
transier switch 1104 is in the first connection state, battery
1102 1s disconnected and traction motor 1108F 1s operable to
assist 1n motoring and/or dynamic braking. Table I summa-
rizes one set ol operating modes of the embodiment of FIG.
10.

While FIG. 10 illustrates an energy storage device 1n the
form of a battery, other energy storage devices, such as fly-
wheel systems or ultra-capacitors, may also be employed
instead of or 1n addition to battery 1102. Further, it should be
understood that the configuration of FI1G. 10 may be scaled. In
other words, the configuration can be applied to more than
one axle.

FI1G. 11 1s a flow chart that illustrates one method of oper-
ating a hybrid energy locomotive system. The particular
method 1llustrated relates to a system including a locomotive
vehicle and an energy tender vehicle. The locomotive
includes a diesel-electric prime mover power source that sup-
plies primary electric power to a plurality of traction motor
systems associated with the locomotive. As explained else-
where herein, the traction motor systems operate the locomo-
tive 1n a motoring mode in response to the primary electric
power. In this particular example, the energy tender also
includes a plurality of traction motor systems (see FIG. 1).
The energy tender traction motor systems are operable 1n both
a motoring mode and a dynamic braking mode. The energy
tender vehicle also includes an energy storage system for
capturing at least a portion of the electrical energy generated
when the energy tender traction motors operate n the
dynamic braking mode.

While supplying 1202 primary electric power to the loco-
motive, and operating 1204 the locomotive traction motor in
the motoring mode, primary electric power 1s supplied to one
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or more of the locomotive traction motor systems, thereby
causing the locomotive to operate in a motoring mode. When
the locomotive traction motor systems operate 1n the motor-
ing mode, 1t 1s possible to operate 1206 one or more of the
energy tender traction motor systems in a dynamic braking
mode. Of course, the energy tender traction motor systems
can be operated 1n the dynamic braking mode at other times
such as, for example, when the locomotive traction motor
systems operate 1n the dynamic braking mode. When one or
more of the energy tender traction motor systems operate in
the dynamic braking mode, electrical energy 1s generated
1208. Some of the dynamic braking energy 1s preferably
stored 1210 1n the energy storage system for later use. For
example, such stored power may be converted and supplied
1212 as secondary electric power for use by the energy tender
traction motor systems to assist in motoring.

Advantageously, the method of FIG. 11 permits locating
the energy tender vehicle anywhere 1n the train because the
energy tender vehicle can capture dynamic braking energy
from 1ts own traction motor systems. In other words, the
energy capture system need not be electrically connected to
the locomotive 1n order to store energy for later use.

Although the foregoing descriptions have often referred to
AC diesel-electric locomotive systems to describe several
pertinent aspects of the disclosure, the present invention
should not be interpreted as being limited to such locomotive
systems. For example, aspects of the present disclosure may
be employed with “all electric” locomotives powered by elec-
tric “third rails” or overhead power systems. Further, aspects
of the hybrid energy locomotive systems and methods
described herein can be used with diesel-electric locomotives
using a DC generator rather than an AC alternator and com-
binations thereof. Also, the hybrid energy locomotive sys-
tems and methods described herein are not limited to use with
AC traction motors. As explained elsewhere herein, the
energy management system disclosed herein may be used 1n
connection with non-locomotive off-highway vehicles such
as, for example, large excavators, and other vehicles and
powered systems.

As can now be appreciated, the hybrid energy systems and
methods herein described provide substantial advantages
over the prior art. Such advantages include improved fuel
eificiency, increased fuel range, and reduced emissions such
as transient smoke. Other advantages include improved speed
by the provision of an on-demand source of power for a
horsepower burst. Such a system also provides improved
tunnel performance such as, for example, improved immunity
to oxygen and/or temperature derations in tunnels. Also
among the advantages are reduced noise and vibration con-
ditions, which may be particularly beneficial to personnel
who work on the train. Significantly, the hybrid energy loco-
motive system herein described may also be adapted for use
with existing locomotive systems.

FIG. 12 illustrates an exemplary embodiment of an energy
management system 3502' for use with one of a plurality of
hybrid energy diesel electric locomotives 500'. Each locomo-
tive 500" includes an engine 102' and a primary mover power
source 104',106' (e.g., alternator and rectifier combination) to
provide primary electric power. Additionally, the locomotive
500" 1llustratively includes a traction bus coupled to the pri-
mary mover power source 104', 106' to carry the primary
clectric power, and a traction motor 108' connected to the
traction bus. The traction motor 108' includes a motoring
mode responsive to the primary electric power to propel one
of a plurality of locomotives 500' on one of the plurality of
routes. Additionally, the traction motor 108' includes a
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dynamic braking mode to generate dynamic braking electri-
cal energy on the traction bus.

As illustrated 1in the exemplary embodiment of FI1G. 12, the
energy management system 502' includes a position 1dentifi-
cation device 510, such as a GPS-based system, for example,
to provide position information for one of the plurality of
locomotives 500" at incremental positions 518' along one of
the plurality of routes. Additionally, the exemplary embodi-
ment of the energy management system 502' illustratively
includes a database 508' to store historical data of a traction
and/or auxiliary energy demand for a plurality of locomotives
500" at each of the incremental positions 518' along each of
the plurality of routes. Each of the locomotives 500, whose
previous traction and/or auxiliary energy demand along each
of the plurality of routes 1s stored in the database 508', may
differ in size, length, engine horsepower output, 1n addition to
other operating characteristics. Additionally, each of the plu-
rality of routes may differ substantially in their path or may
include substantially common paths.

More particularly, the energy management system 502
includes an energy management processor 306' coupled to the
position 1dentification device 510' and the database 508' to
retrieve historical data 512', 514', 516' for a plurality of loco-
motives 500" at each of the incremental positions 518" along,
one of a plurality of routes. The historical data 512', 514', 516
illustrated 1n the exemplary embodiment of FIG. 13 may
represent three independent historical data sets of the traction
and/or auxihiary energy demand for the same locomotive
traveling over the same route, or alternatively may represent
three independent historical data sets of the traction and/or
auxiliary energy demand for three distinct locomotives trav-
cling over the same route. The energy management processor
506' retrieves the historical data 512', 514', 516' of traction
and/or auxiliary energy demand to estimate an anticipated
traction and/or auxiliary energy demand 520' (FIG. 16) for
one of the plurality of locomotives 500" at each of the incre-
mental positions 518' along the same route over which the
historical data was obtained. FIG. 16 1llustrates an exemplary
embodiment of an anticipated traction and/or auxiliary
energy demand 520' obtained using the historical data 512!,
514', 516' of traction and/or auxiliary energy demand, with
FIG. 16 illustrating a portion of the incremental positions of
FIG. 13 approximately between positions 10 and 80, for
example. The energy management processor 506' utilizes the
historical data 512', 514", 516' with a variety of different
methods to determine an anticipated traction and/or auxiliary
energy demand for one of the plurality of locomotives 500" to
travel over the same route, as discussed in further detail
below. Although FIG. 13 illustrates three sets of historical
data utilized to obtain the anticipated traction and/or auxiliary
energy demand of the locomotive to travel on a route, less
than three or more than three sets of historical data may be
utilized to obtain the anticipated traction and/or auxiliary
energy demand at each fixed location along the route, and to
estimate the storage and transier parameters, as discussed
below.

As turther illustrated 1n the exemplary embodiment of FIG.
12, the energy management system 502' illustratively
includes an energy storage system 204' connected to the trac-
tion bus. The energy storage system 204' 1s responsive to the
energy management processor 506' at each incremental posi-
tion 518' along each route based upon the position informa-
tion from the position identification device 510", to store
clectrical energy generated by the traction motor 108' based
upon a storage parameter. Additionally, the energy storage
system 204' 1s responsive to the energy management proces-
sor 506' at each incremental position 518' to supply secondary
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clectric power from the stored electrical energy to the traction
bus to augment the primary electric power based upon a
transier parameter so to enhance a performance parameter of
one of the plurality of locomotives 500' over one of the plu-
rality of routes. In one embodiment of the energy manage-
ment system 502', the storage parameters and transfer param-
cters are communicated from the energy management
processor 306' to the energy storage system 204' at each
incremental position 518" along each of the plurality of routes.
In one embodiment of the energy management system 302",
the energy storage system 204' supplies secondary electric
power based upon the transfer parameter so to maximize a
tuel efficiency of one of the plurality of locomotives 500" over
one of the plurality of routes. However, the energy manage-
ment system 502' may include the energy storage system 204'
to supply secondary electric power to enhance a performance
parameter of one of the plurality of locomotives other than
maximizing the fuel efficiency over one of the plurality of
routes, for example.

The energy management processor 506' utilizes the antici-
pated traction and/or auxiliary energy demand of one of the
plurality of locomotives 500" at each of the incremental posi-
tions 3518', determined using the historical data 512', 514",
516', with a current status 522' (F1G. 16) of the energy storage
system at each of the incremental positions to estimate a
storage and transfer parameter at each of incremental posi-
tions. FIG. 16 illustrates an example of a current status or
battery energy, for example, of the energy storage system
versus incremental position along the route. The energy man-
agement processor 506' will determine whether to increase or
decrease the storage/transier parameter from the initial cur-
rent status 522' of the energy storage system 204" at an 1nitial
incremental position of the route using the anticipated trac-
tion and/or auxiliary energy demand, as discussed below.

Upon retrieving the traction and/or auxiliary energy
demand of each locomotive 500' at each incremental position
518' along each route, the energy management processor 306
segregates the traction and/or auxiliary energy demand values
for the plurality of locomotives 500' into a plurality of groups
526' (F1G. 14) based upon one fixed location corresponding to
incremental positions 518" along each route. In the exemplary
embodiment of FIG. 14, the energy management processor
has segregated twenty-three traction and/or auxiliary energy
demand values for the plurality of locomotives at mile marker
70, for example, of one particular route of the plurality of
routes. Although FIG. 14 illustrates twenty-three traction
and/or auxiliary energy demand values for a plurality of loco-
motives at mile marker 70 of a particular route, the energy
management processor may segregate more or less than
twenty-three traction and/or auxiliary energy demand values.
Additionally, 1t may segregate traction and/or auxiliary
energy demand values for the same locomotive at a fixed
location along the same route, and it may store, retrieve and
segregate traction and/or auxiliary energy demand values at
various incremental positions, such as every 10-mile (16.09
kilometers) marker, or at any other varying incremental posi-
tions. In addition, although the energy management processor
segregates the traction motor energy values based upon a
fixed location of the locomotives along the route, 1t may
segregate the traction motor energy values based upon fixed
time increments. In an exemplary embodiment of the energy
management system, FIG. 13 may represent the traction and/
or auxiliary energy values at each one of a fixed time 1ncre-
ment, such as every 10 minute increment from the com-
mencement of a trip, for example. In this exemplary
embodiment, FIG. 14 correspondingly 1llustrates the segre-
gation of the traction and/or auxiliary energy values by the
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energy management processor at each fixed time increment,
such as 70 minutes from commencement of the trip, for
example, and the twenty-three traction and/or auxiliary
energy values at each of the respective twenty-three runs, for
example.

The energy management processor 306' estimates an
anticipated traction and/or auxiliary energy demand 520' of
one of the plurality of locomotives 500' at each incremental
positions 518', such as fixed locations along the route based
upon each of the groups 526' of the traction and/or auxiliary
energy demand values of the plurality of locomotives 500"
Additionally, the energy management processor 506' deter-
mines the anticipated traction and/or auxiliary energy
demand of one of plurality of locomotives 500' at each of the
fixed locations, based upon one or more operating character-
1stics of the locomotive 500" at each of the incremental posi-
tions 518", such as fixed locations. Upon originally storing
each of the historical data 512', 514', 516' of the traction
and/or auxiliary energy demand of each locomotive 500
along each route, the database 508' may store the operating
characteristics, including weight, speed, and length, for
example, of each locomotive at each incremental position.
This historical data 512", 514', 516', which may include the
operating characteristics of each locomotive at each incre-
mental position, 1 addition to the traction and/or auxiliary
energy demand, may be used by the energy management
processor 506' to derive a mathematical relationship between
the anticipated traction and/or auxiliary energy demand 520
of one of the plurality of locomotives 500" along the route at
cach incremental positions 518, such as fixed locations, and
one or more operating characteristics, including but not lim-
ited to weight, speed and length of the locomotive, for
example. The energy management processor 306' may utilize
the known operating characteristics and/or projected operat-
ing characteristics, such as speed, for example, to determine
an anticipated traction and/or auxiliary energy demand 520" at
cach incremental positions 518', such as fixed locations along
the route. In an exemplary embodiment, such a mathematical
relationship may be:

ED=(1.1*W)+(23%5)+{207,392,-102}(170*L)+R

where ED 1s the anticipated traction and/or auxiliary
energy demand at the fixed location (or fixed time) when the
weight, speed and length measurements were taken, W 1s the
weight of the locomotive (1n tons), S 1s the speed of the
locomotive (1n miles per hour), L 1s the length of the locomo-
tive (in feet), and R 1s a residual term. The type of locomotive
will determine the term {207, 392, —107} to be used, based
upon on one of an mtermodal (or high speed freight) type
locomotive corresponding to 207, a coal (or low speed
freight) type locomotive corresponding to 392 and a manifest
(or passenger) type locomotive corresponding to —102. The
first four terms of the above equation consider the current
weilght, speed, type and length of the locomotive (1.e., static
conditions), and the residual R factor considers previous his-
tory of the locomotive operation 1n performing ftuture calcu-
lations of anticipated traction and/or auxiliary energy demand
values at fixed location increments or fixed time increments.
In an exemplary embodiment, the residual factor R 1s deter-
mined based upon the energy management processor evalu-
ating the relative magnitude of the anticipated traction and/or
auxiliary energy demand for previous fixed location incre-
ments or fixed time increments as compared to the historic
data of traction and/or auxiliary energy demand at those fixed
location increments or fixed time increments. For example, 1f
the energy management processor determines that the antici-
pated traction and/or auxiliary energy demand for the previ-
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ous two 10-mile (16.09 kilometers) marker increments was
50% of the maximum historic data of traction and/or auxiliary
energy demand for those previous two 10-mile (16.09 kilo-
meters ) maker increments, the energy management processor
may derive a residual factor R to adjust the anticipated trac-
tion and/or auxiliary energy demand to correspond to 50% of
the maximum historic data for future increment positions. In
an additional exemplary embodiment, the energy manage-
ment processor may derive the residual factor R based upon
comparing previously anticipated traction and/or auxiliary
energy demands with actual measured traction and/or auxil-
1ary energy demands at previous fixed location increments or
fixed time 1ncrements. For example, i the energy manage-
ment processor determines that the anticipated traction and/or
auxiliary energy demands for the previous three 10-mile
(16.09 kilometers) marker increments were 30% higher than
the actual traction and/or auxiliary energy demands measured
as the locomotive traversed through those previous three
10-mile (16.09 kilometers) marker increments, the energy
management process may derive a residual factor R to scale
down future anticipated traction and/or auxiliary energy
demands to more closely approximate the actual traction
and/or auxiliary energy demands. Various mathematical rela-
tionships between the anticipated traction and/or auxiliary
energy demand of one of the plurality of locomotives 500' and
one or more operating characteristics other than the math-
ematical relationship above may be utilized.

In addition, the energy management processor 506' may
utilize the groups 526' of traction and/or auxiliary energy
demand values at each incremental positions 318', such as
fixed locations to determine the anticipated traction and/or
auxiliary energy demand for one of a plurality of locomotives
500" at each incremental positions 518', such as fixed loca-
tions. The energy management processor 306' may perform a
statistical computation of each group 526' of traction and/or
auxiliary energy demand values at each incremental positions
518', such as fixed locations along the route for the plurality of
locomotives 500'. In an exemplary embodiment of the energy
management system, such statistical computations may
include an average, mean and range of each group 3526' of
traction and/or auxiliary energy demand values at each incre-
mental positions 518', such as fixed locations along the route
for the plurality of locomotives 500'. For example, in an
exemplary embodiment, for a group of traction and/or auxil-
1ary energy demand values ranging from 1000-4000 hp, the
average may be 2300 hp, the mean may be 2400 hp and the
range of 3000 hp may be utilized by halving 1t (1500) an
adding this to the minimum value (1000), to obtain 2500 hp.
Thus, 1n an exemplary embodiment, the energy management
processor 506' may utilize any of these statistical computa-
tions (1n addition to others) in order to determine an antici-
pated traction and/or auxiliary energy demand for that par-
ticular incremental positions 518', such as fixed locations. As
stated above, the energy management processor 306' may
alternatively dertve a mathematical relationship involving the
operating characteristics of the locomotive to determine an
anticipated traction and/or auxiliary energy demand for that
cach particular fixed location along the route.

The exemplary embodiment of FIG. 135 illustrates an
anticipated traction and/or auxiliary energy demand at incre-
mental positions along a route, as determined by a conven-
tional system, through analyzing track topographic informa-
tion, for example. FIG. 16 shows an example traction and/or
auxiliary energy demand curve 520' determined by an energy
management system including an energy management pro-
cessor 506' based upon a statistical computation at each incre-
mental positions 518", such as fixed locations.
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After determining an anticipated traction and/or auxiliary
energy demand 520' for one of the plurality of locomotives
500" at each incremental positions 518', such as fixed loca-
tions along the route, utilizing one of the mathematical rela-
tionship with the operating characteristics or the statistical
computations, as discussed above, the energy management
processor 506' estimates the storage parameter and transier
parameter at each incremental positions 518", such as fixed
locations. The energy management processor 506' estimates
the storage parameter and transfer parameter at each incre-
mental positions 518', such as fixed locations along the route,
by utilizing the anticipated traction and/or auxiliary energy
demand 520" at each fixed location and monitoring a current
status 522' of the energy storage system 204' at each fixed
location along the route. As illustrated 1n the exemplary
embodiment of FIG. 16, the energy management processor
506' estimates a storage parameter at a fixed location d1 due
to an upcoming anticipated traction and/or auxiliary energy
demand at fixed location d2 which exceeds the maximum
primary energy of the locomotive engine. The storage param-
eter 1s retlected 1n FIG. 16 at fixed distance d1 by the increase
in the energy of the energy storage system 204', 1n anticipa-
tion of a future energy need based upon the anticipated trac-
tion and/or auxiliary energy demand at fixed location d2. For
example, 1f the maximum primary energy from the locomo-
tive engine 1s 2000 hp and an upcoming anticipated traction
and/or auxiliary energy demand 1s 2500 hp, the energy man-
agement processor 306' will estimate a storage parameter to
ensure that the energy storage system 204' has adequate sec-
ondary stored energy so that the locomotive can meet this
anticipated traction and/or auxiliary energy demand. Addi-
tionally, the energy management processor 506' may estimate
a transier parameter at a fixed location d3 where an upcoming
dynamic braking mode region is anticipated. For example, the
energy management processor 506' may anticipate an upcoms-
ing negative traction and/or auxiliary energy demand (e.g.,
dynamic braking region, or energy storage system charging
region), indicative of an upcoming charging region and
thereby estimate a transier parameter, so that the energy stor-
age system elficiently transters all of its stored energy prior to
entering the charging region.

As the locomotive 500 travels across the route, the energy
management processor 506' continuously compares the esti-
mated storage parameter and transier parameter with an
actual storage parameter and actual transier parameter at each
incremental position 318" along the route. In the event that the
actual storage and transier parameters and the estimated stor-
age and transier parameters difier by greater than a predeter-
mined threshold at each of the incremental positions along the
one of a plurality of routes, the energy management processor
switches 1nto a default mode such that a locomotive operator
manually controls the storage and transfer of electrical energy
to the energy storage system. Additionally, if the energy man-
agement processor 506' determines that there 1s no historic
data available for an upcoming route, and thus no anticipated
traction and/or auxiliary energy demand may be constructed,
the energy management processor similarly switches to a
default mode.

FIG. 17 illustrates an exemplary energy management
method 1200 for use with one of a plurality of hybrid energy
diesel electric locomotives 500'. Each locomotive 500" has an
engine 102" and a primary mover power source 104', 106
providing primary electric power, and a traction bus coupled
to the power converter to carry the primary electric power. A
traction motor 108' 1s connected to the traction bus, and has a
motoring mode responsive to the primary electric power to
propel the one of a plurality of locomotives 500" on one of a
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plurality of routes. Additionally, the traction motor 108' has a
dynamic braking mode to generate dynamic braking electri-
cal energy on the traction bus. The energy management
method 1200 begins at 1201 by storing 1202 historical data
of a traction and/or auxiliary energy demand for each loco-
motive 500" at each incremental position along each route in
a database. Additionally, the method includes retrieving 1204
the historical data 512', 514', 516' of each locomotive 500' for
cach of the incremental positions 518' along one of the plu-
rality of routes. The method 1200' further includes providing
1206' position information of one of a plurality of locomo-
tives 500" at incremental positions 518' along one of a plural-
ity of routes. Additionally, the method includes estimating
1208' an anticipated traction and/or auxiliary energy demand
520' of one of a plurality of locomotives 500" at each of the
incremental positions 318’ along one of a plurality of routes,
betfore ending at 1209'.

FIG. 18 1s a block diagram of one embodiment of a system
200" for monitoring the effectiveness of a braking function
122", 222", such as the dynamic braking system 1n a powered
system, such as a train 101", for example. The system 200"
includes an energy storage system 204" positioned within an
energy tender vehicle 202" of the train 101", and configured
to store energy upon activation of the braking function 122",
222", The system 200" includes a locomotive 100" and the
energy tender vehicle 202" for capturing and regenerating at
least a portion of the dynamic braking electric energy gener-
ated when the locomotive traction motors 108" operate 1n a
dynamic braking mode. The energy tender vehicle 202" 1s
constructed and arranged to be coupled to the locomotive
100" 1n a consist configuration, and includes the energy cap-
ture and storage system 204" (sometimes referred to as an
energy storage medium or an energy storage). It should be
understood that 1t 1s common to use two or more locomotives
in a consist configuration and that FIG. 18 illustrates a single
locomotive for convenience. As further illustrated in the
exemplary embodiment of FIG. 18, the locomotive 100" and
the energy tender vehicle 202" have a respective plurality of
traction motors 108", 208" coupled to a respective plurality of
wheels. The energy 1s generated by the respective plurality of
traction motors 108", 208" 1n the locomotive 100" and energy
tender vehicle 202". Subsequent to the generation of the
energy, the energy 1s stored within the respective energy
storage system 204" on the energy tender vehicle 202",

In one embodiment, the energy storage system 204" selec-
tively recerves electrical power generated during the dynamic
braking mode of operation and stores 1t for later regeneration
and use. In the alternative or in addition to receiving and
storing dynamic braking power, the energy storage system
204" can also be constructed and arranged to recerve and store
power from other sources. For example, excess prime mover
power from the engine 102" can be transferred and stored.
Similarly, when two or more locomotives are operating 1n a
consist, excess power from one of the locomotives can be
transferred and stored in the energy storage system 204",
Also, a separate power generator (e.g., diesel generator) can
be used to supply a charging voltage (e.g., a constant charging
voltage) to the energy storage system 204". Still another
source of charging 1s an optional off-train charging source
220". For example, the energy storage system 204" can be
charged by external sources such as a battery charger in a train
yard or at a wayside station.

The energy storage system 204" may include at least one of
the following storage subsystems for storing the electrical
energy generated during the dynamic braking mode: a battery
subsystem, a flywheel subsystem, or an ultra-capacitor sub-
system. Other storage subsystems are possible. Ultra-capaci-
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tors are available from Maxwell Technologies. These storage
subsystems may be used separately or in combination. When
used 1n combination, these storage subsystems can provide
synergistic benefits not realized with the use of a single
energy storage subsystem. A flywheel subsystem, {for
example, typically stores energy relatively fast but may be
relatively limited in 1ts total energy storage capacity. A battery
subsystem, on the other hand, often stores energy relatively
slowly but can be constructed to provide a relatively large
total storage capacity. Hence, a flywheel subsystem may be
combined with a battery subsystem wherein the flywheel
subsystem captures the dynamic braking energy that cannot
be timely captured by the battery subsystem. The energy thus
stored 1n the flywheel subsystem may be thereafter used to
charge the battery. Accordingly, the overall capture and stor-
age capabilities are preferably extended beyond the limits of
cither a flywheel subsystem or a battery subsystem operating
alone. Such synergies can be extended to combinations of
other storage subsystems, such as a battery and ultra-capaci-
tor in combination where the ultra-capacitor supplies the peak
demand needs.

As illustrated 1in the exemplary embodiment of FI1G. 18, the
system 200" includes a sensor 115", 215" positioned on a
respective locomotive 100" and energy tender vehicle 202" of
the train 101". Each sensor 115", 215" 15 configured to mea-
sure an operating parameter of the respective locomotive
100" and energy tender vehicle 202", such as speed, accel-
cration, topography, ambient temperature, and electrical
charge/power stored within the energy storage system 204"
attributed to the braking function 122", 222", such as the
dynamic braking system, for example. The sensors 115",
215" may be configured to measure operating parameters
other than those listed above. The sensors 215" are coupled to
the energy storage system 204" to measure the stored electri-
cal charge/power within the energy storage system 204
attributed to the braking function 122", 222", such as the
dynamic braking system, for example. As discussed below,
cach respective parameter of the locomotive 100" and energy
tender vehicle 202" may vary by a respective predetermined
threshold over a fixed time or a fixed distance, which 1s
indicative of an etfectiveness of the braking function 122",
222" such as the braking system, for example. The predeter-
mined threshold for a particular parameter depends upon the
particular parameter (e.g., speed, acceleration, or the like),
the extent of the fixed time or fixed distance over which the
particular parameter varies, and the initial value of the other
parameters at an 1mitial time or 1nitial distance of the respec-
tive fixed time or fixed distance.

As turther illustrated in the exemplary embodiment of FIG.
18, the system 200" includes a respective processor 116",
216" coupled to the sensor 115", 215" on the locomotive 100
and energy tender vehicle 202". The respective processor
116", 216" recerves data of the respective locomotive 100"
and energy tender vehicle 202" parameters from the sensors
115", 215". The processor 116", 216" determines the effec-
tiveness ol the braking function 122", 222", such as the brak-
ing system of the locomotive 100" and the energy tender
vehicle 202", based upon whether the locomotive 100" and
the energy tender vehicle 202" parameter data varies by the
predetermined threshold (mentioned above) within a fixed
time or a {ixed distance, for example. The sensors 215" are
coupled to the processor 216", and transmit the sensed energy
tender vehicle parameters to the processor 216". The proces-
sor 216" determines an elffectiveness and/or an availability of
the braking function 222", such as a dynamic brake system,
on the energy tender vehicle 202". Additionally, the sensors
115" of the locomotive 100" are coupled to the processor
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116", which 1s used to determine an eflectiveness and/or an
availability of the braking function 122", such as the dynamic
braking function on the locomotive 100", for example.

The topography of the current location of the energy tender
vehicle 202" and the locomotive 100" may be determined
based on a position determination device 118", 218", such as
a transcerver 1n communication with a plurality of GPS sat-
cllites, for example. The position determination device 118",
218" 15 respectively positioned on the locomotive 100" and
the energy tender vehicle 202". Upon conveying the location
information of the respective vehicle to the respective proces-
sor 116", 216", the processor 116", 216" retrieves a track
parameter from memory (e.g., the track parameter may be
stored as pre-stored data in the memory). The track parameter
may be, for example, the topography of the current location of
the train 101", as determined based on the location informa-
tion provided by the position determination device 118",
218". The processor 116", 216" may monitor the track param-
cter along the fixed time or fixed distance, and compare this
variation to a predetermined threshold for a variation of the
track parameter over the fixed time or fixed distance which
would be indicative of an eflectiveness of the braking func-
tion 122", 222", such as the braking system, for example. (In
other words, the processor determines the value of a track
parameter at each of a plurality of successive locations and/or
times of the locomotive, as stored 1n memory and retrieved
based on the location information, and assesses braking func-
tion based on whether the track parameter has varied by a
predetermined threshold.) However, 1n an exemplary
embodiment, the processor 116", 216" may merely utilize the
track parameter at an 1initial time or mnitial location to deter-
mine a predetermined threshold for the vanation of a loco-
motive 100" or energy tender vehicle 202" parameter over the
fixed time or fixed distance, for example. Although the loco-
motive 100" and energy tender vehicle 202" in FIG. 18
include respective processors 116", 216", a common/shared
processor may be used which recerves the sensed operating
parameters ol each vehicle and determines the effectiveness
and/or availability of the braking function 122", 222", such as
the dynamic braking system in each vehicle, for example, or
in one of the vehicles.

The processor 116", 216" includes a memory to store the
predetermined threshold by which a first parameter (of a
plurality of parameters of the locomotive 100" and energy
tender vehicle 202") should vary during the fixed time or fixed
distance from an 1n1tial value at a respective initial time or an
initial location, for indicating braking effectiveness. The pre-
determined threshold for the first parameter over the fixed
time or fixed distance 1s based upon the plurality of param-
cters at the in1tial time or 1imitial location. In order to determine
the effectiveness and/or availability of the braking function
222", such as a dynamic brake system on the energy tender
vehicle 202", the processor 216" receives measured operating
parameters from the sensors 215" and determines a change in
an operating parameter of the vehicle, such as speed, over a
fixed time or distance, based on other operating parameters of
the vehicle over that fixed time or distance. The processor
216" then compares the determined change 1n the operating
parameter with an acceptable change 1n the operating param-
eter (1.¢., the predetermined threshold), which 1s pre-stored 1in
a memory ol the processor 216", for the fixed time or distance
and the operating parameters of the vehicle over that distance.
For example, for specific operating parameters of an ambient
temperature of 20 degrees Celsius, a downhill topography,
and zero notch engine throttle, an acceptable change (i.e.,
predetermined threshold) in the speed of the energy tender
vehicle 202" over a fixed 30 second period of applying the
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dynamic brakes may be from 50 mph (80.4°7 kilometers/hour)
to 20 mph (32.19 kilometers/hour) ((i.e., =30 mph (-48.28
kilometers/hour)). However, for these same operating param-
cters (20 degrees Celsius, downhill topography, zero notch
engine throttle), the sensors 215" measure a respective speed
of S0 mph (80.4°7 kilometers/hour) and 32 mph (51.5 kilome-
ters/hour) at the beginning and end of the fixed 30-second
period when the dynamic brakes are applied. The processor
216" then determines that the determined change 1n the speed
of the energy tender vehicle ((-18 mph (-28.97 kilometers/
hour)) falls outside the minimum acceptable change 1n the
speed of the energy tender vehicle stored 1n memory ((-30
mph (—48.28 kilometers/hour)). Based on this, the processor
determines that the braking function 222", such as a dynamic
brake system of the energy tender vehicle 202" 1s not effective
and/or available. If the above example involved a level topog-
raphy, as oppose to a downhill topography, the acceptable
change 1n speed may be lower, for example.

In another example, for the same operating parameters of
an ambient temperature of 20 degrees Celsius, a downhill
topography, and a zero notch level throttle, an acceptable
change 1n the stored electrical power within the energy cap-
ture and storage system 204" attributable to the braking func-
tion 222", such as a dynamic brake system over a fixed 1 mile
(1.609 kilometers) distance may be from 2000 W to 5000 W
(1.e., 43000 W). For these same operating parameters (20
degrees Celsius, downhill topography, zero notch engine
throttle), the sensors 215" measure a stored electrical power
of 2000 W and 5500 W at the end of the fixed 1 mile (1.609
kilometers) distance when the braking function 222", such as
a dynamic brake system are applied. The processor 216" then
determines that the determined change in stored electrical
power ol the energy tender vehicle (+3500 W) falls within the
mimmum acceptable change 1n the stored electrical power of
the energy tender vehicle 202" stored in memory (+3000 W),
and accordingly, determines that the braking function 222",
such as a dynamic brake system of the energy tender vehicle
202" 1s effective and/or available. The processor 116" of the
locomotive 100" would make a determination of the effec-
tiveness and/or availability of the braking function 122", such
as the dynamic braking system of the locomotive 100" 1n a
similar manner as the processor 216" above for the braking
function 222", such as a dynamic brake system of the energy
tender vehicle 202",

These embodiments solve a longstanding problem with
train control enforcement for freight trains. In an additional
exemplary embodiment, a method may be provided to enable
a safety critical train control system to rely on a portion or all
of dynamic braking capability on a train for enforcement.
Using a dynamic braking system in lieu of or 1n addition to the
train line air braking system may significantly decrease the
stopping distance of a train within the positive train control
enforcement system. Additionally, the use of a dynamic brak-
ing system within the positive train control enforcement sys-
tem may provide an improved stopping distance to accom-
modate the driver with more time to act before a penalty 1s
activated. The exemplary embodiments of the present mnven-
tion provide the necessary assurance of braking availability to
utilize dynamic braking in penalty braking situations.

In one embodiment, the processor 116", 216" 1s configured
to 1nitiate a corrective action upon determining that the brak-
ing function 122", 222", such as the braking system of the
locomotive 100" and energy tender vehicle 202" 1s inefiective
based on the locomotive or energy tender vehicle parameter
having varied by less than the predetermined threshold within
the fixed time or fixed distance. The corrective action
includes, but 1s not limited to, activating an alternate braking
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system, activating an alarm, and/or reconfiguring the braking
system. In an exemplary embodiment, the processor 116",
216" 1s configured to switch to a positive control enforcement
mode, and upon switching to the positive control enforcement
mode, the processor 116", 216" recerves location information
from the position determination device 118", 218" and speed
information of the train from a speed sensor. Once the train
101" passes a predetermined location, the processor 116",
216" stops the train 101" within a maximum distance based
on the speed information. The processor 116", 216" in the
positive control enforcement mode 1s configured to stop the
train 101" by activating the alternate braking system, such as
locomotive air brakes or an emergency hand brake, for
example, upon determining that the braking function 122",
222" such as the braking system, 1s ineffective. Those ele-
ments of the system 200" not specifically discussed herein,
are similar to elements of the embodiments of the present
invention discussed above, with double prime notation, and
require no further discussion herein.

FIG. 19 illustrates an exemplary embodiment of a system
200™ for momitoring the eflectiveness of a braking function
122" 1n a powered system, such as a train 101", for example.
As 1llustrated in the exemplary embodiment of FIG. 19, the
train 101" includes a front locomotive 100™ and a trailing car
105™. The system 200" further includes a plurality of sensors
115™, 117", 118", 119" to measure a parameter related to the
operation of the train 101™. As further i1llustrated 1n the exem-
plary embodiment of FIG. 19, the system 200™ further
includes a processor 116" which 1s coupled to the sensors
115™, 117", 118™, 119", 1n order to receive data of the
measured parameters. Upon activating the braking function
122", the processor 116" 1s configured to determine the
cifectiveness of the braking function 122™ of the train 101"
based upon whether the parameter data varies by a predeter-
mined threshold within a predetermined time or a predeter-
mined distance, as discussed 1n further detail below.

The sensors 115™, 117", 118", 119" may measure param-
eters related to the overall performance of the train 101", such
as the speed, acceleration, or total tractive effort of the train
101™, for example. As 1llustrated 1n the exemplary embodi-
ment of FIG. 19, a speed sensor 115™ 1s provided to measure
the speed of the train 101", and to provide speed data to the
processor 116™'. Upon recerving the speed data, the processor
116" may compute the time-derivative of this data, in order to
obtain the acceleration data of the train 101™. Alternatively,
the system 200™ may include an acceleration sensor which
internally computes the train acceleration data and provides
this acceleration data to the processor 116™.

In an exemplary embodiment, upon activating the braking
function 122™, the processor 116'™ 1s configured to determine
the effectiveness of the braking function 122™ of the train
101™ based upon whether parameter data related to the over-
all performance of the train 101" varies by a predetermined
threshold within a fixed time or a fixed distance. The memory
126" of the processor 116' 1s configured to store the prede-
termined threshold to vary a first parameter during a fixed
time or a fixed distance from a respective 1nitial value at an
initial time or an 1mitial location. The predetermined threshold
for variation of the first parameter over the fixed time or the
fixed distance 1s based upon a plurality of secondary param-
cters at the mnitial time or initial location. In an example, as
discussed above, upon activating the braking function 122",
the processor 116'" determines the acceleration data from the
speed parameter data provided by the speed sensor 115™ as
the train 101™ travels along a track 124" (FIG. 20). A prede-
termined threshold, such as a minimum deceleration, for
example, 1s stored in the memory 126" of the processor 116'"




US 8,180,544 B2

35

and 1s compared with the actual acceleration data. The mini-
mum deceleration may be based on an 1nitial value of one or
more secondary parameters, such as an ambient temperature,
the type of locomotive (AC or DC), physical characteristics of
the locomotive, and a topography at the 1nitial time or 1nitial
location of the train 101™, for example. The processor 116'"
determines the eflectiveness and/or the availability of the
braking function 122" based upon whether the actual accel-
eration data complies with the mimimum deceleration stored
in the memory 126™, for example.

In another example, upon activating the braking function

il

122™, the processor 116" determines a total tractive effort
produced by the traction motors 108™, 110" based upon
current data measured by a sensor 119" such as a current
meter positioned to measure a current passing through the
traction motors 108, 110™ upon activation of the braking
function 122™. A predetermined threshold for the tractive
elfort, such as a mimimum total tractive effort, may be stored
in the memory 126™ of the processor 116™ and 1s retrieved to
be compared with the actual tractive effort based upon the
current data. The minimum total tractive effort may be based
upon an 1nitial value of one or more secondary parameters at
the respective 1nitial time or initial location, for example.

In another example, a position determination device 118™,
such as a transceiver, 1s positioned on the external surface of
the locomotive 100™ and 1s configured to be i wireless com-
munication with a plurality of satellites 140', 142" (FIG. 20)
such as GPS satellites, for example, to determine the location
of the train 101", The position determination device 118",
such as the transcetver, 1s coupled to the processor 116", and
conveys the location information of the train 101'" to the
processor 116". A memory 126" of the processor 116"
retrieves a track parameter, such as a track position or a
topography, for example, of the current location of the train
101" from pre-stored data of the track parameter based on the
location information provided by the position determination
device 118". Additionally, the memory 126™ of the processor
116" may store a predetermined threshold for varying the
current location of the train 101" over the fixed time, which 1s

then compared with the current location information of the
train 101",

The sensors 115", 117, 118", 119" may also measure
parameters related to the operation of individual components
of the train 101", such as a plurality of grids 128™ used to
dissipate electrical energy passed from the traction motors
108™, 110" along a DC traction bus 130" during the braking
function 122™. In an exemplary embodiment, the sensors
which measure parameters related to individual components
of the train 101™ may measure those parameters which relate
to the generation of electrical energy by the traction motors
108™, 110™ to a DC traction bus 130™ and/or the dissipation
of the electrical energy delivered from the DC traction bus
130™ through the grids 128" during the braking function
122™, such as a dynamic braking function, for example. As
illustrated in the exemplary embodiment of FIG. 19, a sensor
117" such as a voltmeter 1s coupled to the grids 128" to
measure the voltage difference across the grids 128™, and 1s
also coupled to the processor 116™ to communicate this volt-
age difference data to the processor 116™. Additionally, the
sensors 115™, 117", 118™, 119" may measure parameters
related to the traction motors 108™, 110" which generate
clectrical energy during the braking function, and transmuit
this electrical energy to the DC ftraction bus 130", for
example. As illustrated in the exemplary embodiment of FIG.
19, a sensor 119" such as a current meter 1s coupled to the
traction motors 110" and 1s configured to measure the current
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passing through the traction motors 110™, and 1s coupled to
the processor 116 to communicate this current data to the
processor 116™.

Upon activating the braking function, the processor 116™ 1s
configured to determine the effectiveness of the braking func-
tion 122" of the train 101" based upon whether parameter
data related to an individual component of the train 101"
utilized during the braking function 122" varies by a prede-
termined threshold within a momentary time period. In an
exemplary embodiment, the momentary time period may be
less than one second, and the processor 116'" may be config-
ured to activate the braking function 122" and evaluate the
components discussed above on a random basis, such as for
one momentary time period during one long time period. In
one example, the processor 116™ may be configured to acti-
vate the braking function 122" to evaluate the components
discussed below for one momentary time period (e.g., less
than one second) every thirty minutes, and 1s further config-
ured to randomly evaluate each component. Such individual
components include those discussed above, such as the trac-
tion motors 108", 110™ which generate electrical energy
during the braking function 122" and transmit the electrical
energy to the DC traction bus 130", and the grids 128" which
receive the electrical energy from the DC traction bus 130™
during the braking function 122™ and dissipate the electrical
energy. However, the embodiments of the present invention
are not limited to evaluating parameters 1n connection with
those components discussed above, and may include any
component involved in the braking function 122",

In one example, the sensor 117", such as the voltmeter,
provides the voltage difference data across the grids 128™
during the braking function 122" to the processor 116™, as
discussed above. Upon activating the braking function 122",
the processor 116™ 1s configured to determine the effective-
ness of the braking function 122" based upon whether the
voltage difference varies by a predetermined threshold within
the momentary time period. The predetermined threshold
variation of the voltage difference during the momentary time
pertod may be based on an mitial value of one or more
secondary parameters of components of the train 101", for
example.

In another example, the sensor 119", such as the current
meter, provides current data passing through the traction
motors 108™, 110" to the processor 116™ during the braking
function 122", as discussed above. Upon activating the brak-
ing function 122", the processor 116" 1s configured to deter-
mine the effectiveness of the braking function 122™ based
upon whether the current data varies by a predetermined
threshold within the momentary time period. The predeter-
mined threshold variation for the current data during the
momentary time period may be based on an initial value of
one or more secondary parameters of the components of the
train 101", for example.

In another example, a pair of power sensors may be posi-
tioned to electrically couple the traction motors 108™, 110™ to
the DC traction bus 130 and the plurality of grids 128" to the
dc traction bus 130™. Upon activating the braking function
122™, the power sensors are configured to measure the elec-
trical power delivered from the traction motors 108'', 110™ to
the DC traction bus 130" within the momentary time period
and the power recetved by the grids 128™ from the DC trac-
tion bus 130" within the momentary time period. The pro-
cessor 116™ 1s configured to determine the effectiveness of
the braking function 122" based upon the delivered power
and the recerved power, more specifically, whether the deliv-
ered power and the recerved power are greater than a prede-
termined power stored 1n the memory 126™. The predeter-
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mined power may be based on an 1nitial value of secondary
parameters of the components of the train 101" prior to
initiation of the braking function 122™.

FIG. 20 illustrates an additional embodiment of the present
invention, mncluding a train 101" having two locomotives
100™, 114", where each locomotive 100™, 114" has a plural-
ity of traction motors 108", 110" coupled to a respective
plurality of wheels 112" of the locomotives 100", 114™. The
train operator switches the train 101™ 1nto an idle mode, in
which case the processor 116" of the first locomotive 100™ 1s
switched 1nto a motoring mode such that an engine (and other
related components) of the first locomotive 100™ 1s respon-
sible for transmitting electrical energy to the traction motors
108™,110™ of the first locomotive 100". Also, upon switching
the train 101" 1nto the 1dle mode, the processor 116" of the
second locomotive 114™ 1s switched 1nto a braking mode
such that the traction motors 108", 110" of the second loco-
motive 114™ transmuit electrical energy to the DC traction bus
130™ configured to electrically couple the traction motors
108™, 110" and the plurality of grids 128" on the second
locomotive 114", A pair of sensors 117™, 119™ 1s positioned
to respectively couple the second locomotive traction motors
108™, 110™ to the DC traction bus 130" and the plurality of
orids 128" to the DC traction bus 130", Upon switching the
second locomotive 114™ 1nto the braking mode, the sensors
117, 119" are configured to respectively measure the elec-
trical power delivered from the second locomotive traction
motors 108", 110" to the DC traction bus 130™ and the
clectrical power received by the grids 128 from the DC
traction bus 130'"'. The processor 116™ 1s configured to deter-
mine the eflectiveness of the braking function 122™ based
upon the delivered electrical power and the received electrical
pOwer.

FIG. 19 illustrates an exemplary embodiment of the
present ivention, including the locomotive 100™ having a
plurality of first traction motors 108™ and second traction
motors 110" coupled to a respective plurality of wheels 112™
of the locomotive 100'. The train 101" operator switches the
train 101" 1to an 1dle mode, upon which the processor 116
1s configured to switch a first traction motor 108" of the
locomotive 100™ 1nto a motoring mode such that an engine
102™ (and related components) of the locomotive 100" trans-
mit electrical energy to the first traction motor 108"'. Addi-
tionally, the processor 116" 1s configured to switch a second
traction motor 110™ of the locomotive 100" 1nto the braking
function 122, such as a braking mode, for example, such that
the second traction motor 110" transmits electrical energy to
the DC traction bus 130" which electrically couples the trac-
tion motors 108™, 110" and a plurality of grids 128" on the
locomotive 100™. As discussed above, a respective pair of
sensors may be positioned to respectively couple the second
traction motor 110™ to the DC traction bus 130™ and the
plurality of grids 128" to the DC traction bus 130™. Upon
switching the second traction motor 110™ into the braking
function 122", such as a braking mode, for example, the
respective sensor 1s configured to measure the electrical
power delivered from the second traction motor 110™ to the
DC traction bus 130" and the electrical power received by the
orids 128" from the DC traction bus 130'"'. The processor
116 1s configured to determine the effectiveness of the brak-
ing function 122" based upon the delivered electrical power
and the received electrical power.

FI1G. 21 1llustrates an embodiment of a system 200™ of the
present invention. As discussed in the embodiments above,
the train 101" 1includes a front locomotive 100™ with a pro-
cessor 116" and the processor 116 1s configured to switch
into a control enforcement mode to prevent the train 101"
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from traveling bevond a predetermined location 134™ along
the track 124"'. Upon switching into the control enforcement
mode, the processor 116'" 1s configured to monitor the effec-
tiveness of the braking function 122", using one of the meth-
ods discussed above, as the train 101" approaches the prede-
termined location 134", The processor 116'" 1s configured to
initiate a remedial action upon determining that the effective-
ness of the braking function 122™ falls below a predetermined
acceptable level. For example, the processor 116" may moni-
tor the effectiveness of the braking function 122™ by deter-
mining whether a parameter of the train 101™ 1s varied by the
predetermined threshold within a fixed distance prior to the
predetermined location 134"™, such as whether the accelera-
tion of the train 101™ over that fixed distance complies with a
minimum deceleration threshold over that fixed distance. The
remedial action taken may be activating an alternate braking
system, such as an air brake system, for example, activating
an alarm to alert the train operator, and reconfiguring the
braking system.

FIG. 22 shows a flow chart depicting an embodiment of a
method 1300 for monitoring the effectiveness of a braking
function 122" in a powered system, such as a train, for
example. The method 1300 begins at 1301 by measuring 1302
a parameter related to the operation of the train 101™. Addi-
tionally, the method 1300 1ncludes activating 1304 the brak-
ing function 122", followed by determining 1306 the etiec-
tiveness of the braking function 122" of the train 101" based
upon the measured parameter data being varied by a prede-
termined threshold.

Based on the foregoing specification, the above-discussed
embodiments of the mvention may be implemented using
computer programming or engineering techniques including
computer soltware, firmware, hardware or any combination
or subset thereof, wherein the technical effect 1s to monitor
the effectiveness of a braking function 1n a powered system.
Any such resulting program, having computer-readable code
means, may be embodied or provided within one or more
computer-readable media, thereby making a computer pro-
gram product, 1.e., an article of manufacture, according to the
discussed embodiments of the invention. The computer read-
able media may be, for instance, a fixed (hard) drive, diskette,
optical disk, magnetic tape, semiconductor memory such as
read-only memory (ROM), etc., or any transmitting/receiving
medium such as the Internet or other communication network
or link. The article of manufacture containing the computer
code may be made and/or used by executing the code directly
from one medium, by copying the code from one medium to
another medium, or by transmitting the code over a network.

One skilled 1n the art of computer science will easily be
able to combine the software created as described with appro-
priate general purpose or special purpose computer hardware,
such as a microprocessor, to create a computer system or
computer sub-system of the method embodiment of the
invention. An apparatus for making, using or selling embodi-
ments of the invention may be one or more processing sys-
tems ncluding, but not limited to, a central processing unit
(CPU), memory, storage devices, communication links and
devices, servers, 1/0 devices, or any sub-components of one
or more processing systems, including software, firmware,
hardware or any combination or subset thereol, which
embody those discussed embodiments the mnvention.

FIG. 23 illustrates an exemplary embodiment of a system
1500 for optimizing a braking schedule 1560 (FIG. 24) of a
powered system traveling along a route, such as a train 1504
including a locomotive 1505 traveling along a railway 1506,
for example. In an exemplary embodiment, the train 1504
may include one or more locomotive consists, and the loco-
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motive 15035 may be within one of the locomotive consist(s),
for example. As illustrated 1n FIG. 23, the railway 1506 1s
separated 1nto block sections 1540,1542,1544, having a
respective length 1552,1554,1556, where each respective
block section has arailroad signal 1546,1548,1550. As appre-
ciated by one of skill 1in the art, a train positioned 1n a block
section with a red colored railroad signal 1s required to com-
pletely stop, as another locomotive 1s positioned 1n the next
block section. A train positioned 1n a block section with a
yellow colored railroad signal 1s required to slow down to a
safe speed, as another locomotive 1s positioned two block
sections ahead, and the locomotive will be required to com-
pletely stop in the next block section. Additionally, a train
positioned 1n a block section with a green colored railroad
signal may maintain speed, as no locomotive 1s positioned 1n
the next two block sections. As 1llustrated 1n the exemplary
embodiment of FIG. 23, if the train 1504 encounters the
railroad signals 1546,1548,1550 when the railroad signals
1546,1548,1550 are respectively colored green, yellow and
red, the train 1504 will need to come to a complete stop at the
third railroad signal 1550. Thus, the train 1504 will need to
come to a complete stop as the train 1504 travels from the first
block section 1540 to the third block section 1544, or over a
stopping distance (or braking region) 1558, which, 1n this
example, 1s approximately equal to the sum of the lengths
1554,1556 of the second and third block sections 1542.,1544.
Although FIG. 23 illustrates a stopping distance 1558
between the first block section 1540 and the third block sec-
tion 1544, the train 1504 need not be continuously slowing
down or decelerating throughout this stopping distance 1558,
provided that the train 1504 1s completely stopped at the red
colored third railroad signal 1550 at the stop point 1580. The
exemplary embodiment discussed above and illustrated 1n
FIG. 23 1s merely an exemplary scenario in which a train
would need to come to a complete stop over a certain traveling,
distance.

FI1G. 24 illustrates a plurality of braking schedules 1560,
1562.1564.,1566, 1568 tfor the train 1504 illustrated in FIG.
23, as 1t travels over the stopping distance 15358 and 1is
required to stop at the stop point 1580 at the red colored
railroad signal 1550. The braking schedules 1560,1562,1564,
1566,1568 cach convey a predetermined speed of the train
1504 from its current location 1570 to the stop point 1580. For
example, the braking schedule 1560 involves initiating the
braking system of the train 1504 at the current location 1570,
since the speed of the train 1504 decreases from this location
to zero at the stop point 1580, and maintains a lower prede-
termined speed than the other braking schedules 1562,1564,
1566,1568 (between the location 1572 and the stop point
1580). In another example, the braking schedule 1568
involves maintaining the current speed at the current location
1570 until an mitial braking location 1578, after which the
speed of the train 1504 decreases to zero at the stop point
1580, and maintains a higher predetermined speed than the
other braking schedules 1560,1562,1564,1566 (between the
location 1576 and the stop point 1580). As discussed 1n
greater detail below, the embodiments of the present mven-
tion 1nvolves selecting an optimal braking schedule which
accurately reflects the braking capability of the train 1504.
Although FIG. 24 1llustrates a plurality of braking schedules,
the embodiments of the present invention does not necessar-
ily 1nvolve selecting an optimal predetermined braking
schedule from among a plurality of predetermined braking
schedules, and instead may mvolve determiming an optimal
braking schedule over the stopping distance 1558.

FI1G. 25 1llustrates an exemplary embodiment of the train
1504 including a locomotive 1505 and a rail car 13507.
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Although FI1G. 25 1llustrates one locomotive 1505 and one rail
car 1507, a train utilized within the scope of the present
invention may have more than one locomotive and/or more
than one rail car. The train 1504 1s utilized within the system
1500 of optimizing the braking schedule of the train 1504
traveling along the raillway 1506. As discussed above, the
embodiments of the present invention involve determining an
optimal braking schedule for the train 1504 over the stopping
distance 1558, which 1s based on one or more predetermined
physical characteristics of the train, such as the mass of the
train, for example. Thus, the embodiments of the present
invention will measure and/or verily such predetermined
characteristics of the train, and appropnately modity the
braking schedule in order to achieve an optimal braking
schedule over the stopping distance. However, the braking
schedule may be based on various other factors related to the
operation of the train (1.¢., other predetermined characteris-
tics), such as factors related to the operation of a motoring
system and/or a braking system of the train. For example, the
predetermined characteristic may be a performance rating of
the motoring system and/or the braking system of the train.

As 1llustrated 1n FI1G. 25, the train 1504 includes a dynamic
braking system 1522 having a plurality of traction motors
1528 that are coupled to the axles of the wheels 1530 of the
locomotive 1503. During an activation of the dynamic brak-
ing system 13522, the traction motors 1528 act as an electrical
generator and convert the kinetic energy from the wheels
1530 of the locomotive 1nto electrical energy, which 1s elec-
trically delivered along a bus 1531 to grids 1532, through
which the electrical energy 1s dissipated. Based on an activa-
tion level (or notch setting) of the dynamic braking system
1522, a greater/less amount of electrical energy 1s generated
by the traction motors 1528, and 1s thus passed along the bus
1531 to the grids 1532.

The train 1504 includes sensors 1510,1512,1513 to mea-
sure a parameter related to the operation of the train 1504
(referred to herein as a measured parameter), and a processor
1518 that 1s coupled to the sensors 1510,1512,1513, to receive
the measured parameter data. For example, the sensor 1510
measures the speed of the train 1504, and communicates this
speed data to the processor 1518, which 1n-turn may take the
time-derivative of the speed data to obtain the deceleration of
the train 1504. Alternatively, the sensor 1510 may be an
accelerometer, which directly measures the deceleration of
the train 1504, and communicates this deceleration data to the
processor 1518. A position determination device 1533, such
as a global positioning system (GPS) transcerver may be
utilized to communicate with one or more GPS satellites, and
provide a current location of the train 1504. A memory 1519
of the processor 1518 has a stored predetermined mass of the
train 1504; a predetermined grade of the railway 1506 at each
location along the railway 1506; and an expected deceleration
of the train 1504 based on a notch setting of the dynamic
braking system 1522, the predetermined mass of the train
1504, and the predetermined grade of the raillway 1506 at a
particular location. The expected deceleration 1s one possible
expected parameter, and the processor may store other
expected parameters.

When the dynamic braking system 1522 i1s activated to a
particular notch setting, the processor 1518 retrieves the
expected deceleration from the memory 1519, based on the
stored predetermined mass of the train 1504, the notch set-
ting, and the predetermined grade at the particular location
(the current location 1s determined from the position deter-
mination device 1533). The processor 1518 then obtains the
measured deceleration data from the sensor 1510, and com-
pares the measured deceleration with the expected decelera-
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tion. Based on this comparison, the processor 1518 adjusts
the predetermined characteristics of the train 1504, such as
the predetermined mass of the train 1504. For example, 11 the
actual deceleration exceeded the expected deceleration, the
processor 1518 would decrease the stored predetermined
mass of the train 1504 1n the memory 1519, and may modify
the braking schedule from a first braking schedule 1560 to a
second braking schedule 1562 (FI1G. 24), for example. If the
expected deceleration exceeded the measured deceleration,
the processor 1518 would 1ncrease the stored predetermined
mass of the train 1504 1n the memory 1519, and may modify
the braking schedule from a third braking schedule 1564 to a

second braking schedule 1562, for example. In an exemplary
embodiment, the processor 1518 may retrieve a stored pre-
determined threshold difference from the memory 1519, and
the comparison between the measured deceleration and
expected deceleration may need to exceed this predetermined
threshold difference, 1n order for the processor 1518 to vary
the predetermined mass and braking schedule of the train
1504, for example. Such a predetermined threshold differ-
ence may be used for the other comparisons performed by the
processor 1518, as described below.

Subsequent to comparing the measured deceleration with
the stored expected deceleration, the processor 1518 deter-
mines whether a difference in the measured deceleration and
the expected deceleration 1s attributable to a secondary cause
other than or apart from an adjustment to the predetermined
mass stored 1n the memory 1519. For example, such second-
ary causes as an ambient weather condition (e.g., high speed
wind), or a structural feature/anomaly of the train 1504, such
as a cut-out brake, a cast-iron brake shoe instead of a cast
friction brake shoe, and/or a friction force imposed by a
bearing, for example. In order to diagnose whether or not the
difference 1n the measured deceleration and expected decel-
eration 1s attributable to a structural feature/anomaly, such as
a Irictional force imposed by a bearing, the processor 1518
may determine the difference in the measured and expected
decelerations at various speeds, as the frictional force
imposed by the bearing varies with the speed of the train
1504. Similarly, for such a secondary cause as a high speed
wind, the processor 1518 may determine the ditference in the
measured and expected decelerations at various wind speeds,
and/or various train travel directions relative to a given wind
speed, 1n order to diagnose whether the difference in the
measured and expected decelerations 1s attributable to such a
secondary cause.

Alternatively, the sensor 1510 may be a grade sensor, such
as an inclinometer, (e.g., GPS altitude sensor, pressure sensor,
or the like) which 1s used to measure the grade of the railway
1506 at a particular location. The processor 1518 may com-
pare the measured grade level provided by the sensor 1510
with the stored predetermined grade level within the memory
1519 for that particular location. The processor 1518 may
determine whether the difference between the measured
grade level and predetermined grade level exceeds a prede-
termined threshold difference, and if so, may correct the
predetermined grade level stored in the memory 1519 for the
particular location on the railway 1506, based on the mea-
sured grade level. In an exemplary embodiment, the prede-
termined grade level stored in the memory 1519 may be
acquired from a shared database utilized by a plurality of
trains 1n a communication network, and the correction to the
predetermined grade level may be configured to further cor-
rect the shared database, such as by transmitting a signal to a
remote station which houses a memory where the shared
database 1s stored, for example.
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In addition to the sensor 1510 measuring the deceleration
of the train 1504, one or more electrical parameters may be
measured during the activation of the dynamic braking sys-
tem 1522. As 1llustrated 1n FIG. 25, a current sensor 1512 1s
positioned adjacent to the traction motors 1528, 1s coupled to
the processor 1518, and 1s configured to measure the current
passing from the traction motors 1528 along the bus 1531 and
to the grids 1532, during the activation of the dynamic brak-
ing system 1522. The memory 1519 of the processor 1518 1s
stored with an expected current (or minimum current) from
the traction motors 1528 to the grids 1532, for a particular
notch setting of the engine 1526, a predetermined grade level
(stored 1n the memory 1519) at a current location of the
railway 1506, and a predetermined mass of the train 1504.
The processor 1518 receives the measured current data from
the sensor 1512, and compares 1t with the expected current
stored 1n the memory 1519, for the particular notch setting,
predetermined grade level, and predetermined mass. Based
on this comparison, the processor 1518 may adjust the stored
predetermined mass of the tramn 1504 within the memory
1519. For example, 1f the measured current exceeded the
expected current, this may indicate that the dynamic braking
system 1522 1s under-performing present expectations, and
thus the processor 1518 may further adjust the braking sched-
ule from a second braking schedule 1562 to a first braking
schedule 1560, for example. In another example, 1t the
expected current exceeded the measured current, this may
indicate that the dynamic braking system 1522 1s out-per-
forming present expectations, and the processor 1518 may
turther adjust the braking schedule from a first braking sched-
ule 1560 to a second braking schedule 1562. A similar analy-
s1s may be performed by measuring the voltage difference
across the grids 1532 with a voltage sensor 1513, and using a
similar analysis as described above with regard to the electri-
cal current. The above comparison of the measured and
expected current presumes that the measured acceleration
from the sensor 1510 1s approximately equal to an expected
acceleration stored in the memory 1519.

As illustrated in FIG. 25, the train 1504 includes a motoring
system including the engine 1526, an alternator/rectifier 1527
(“ALT./RECT.’), and an mverter 1529 (“INV.”), which col-
lectively communicate A/C electrical energy (or D/C electri-
cal energy in a D/C configured locomotive) to traction motors
1528 that are coupled to the axles of the wheels 1530 of the
locomotive 1505. Based on an activation level (or notch or
other throttle setting) of the engine 1526, a greater/less
amount of electrical energy 1s used to drive the traction
motors 1528, thereby driving the axles of the wheels 1530,
and potentially accelerating the train 1504 along the railway
1506. As with the dynamic braking system 1522 above, the
sensor 1510 may be utilized to measure the acceleration of the
train 1504 during an activation of the motoring system. The
processor 1518 may retrieve an expected acceleration (or a
minimum acceleration) from the memory 1519, based on the
notch setting of the engine 1526, the stored predetermined
grade level of the railway 1506 at a current location (deter-
mined by the position determination device 1533), and the
predetermined mass of the train 1504. As described above
with regard to the dynamic braking system 1522, the proces-
sor 1518 compares the measured acceleration with the
expected acceleration, and correspondingly adjusts the stored
predetermined mass of the train 1504 1n the memory and the
braking schedule. For example, 1f the measured acceleration
exceeds the expected/minimum acceleration by greater than a
predetermined threshold difference, the processor 1518 may
reduce the predetermined mass of the train 1504, for example.
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FIG. 26 illustrates an exemplary embodiment of the loco-
motive 1503 of the train 1504, including an air braking system
1524, which may supplement the dynamic braking system
1522 illustrated 1n FIG. 25. Although FIG. 26 illustrates a
single locomotive 1505, the train 1504 may include one or
more locomotives 1505 and/or one or more rail cars 1507, as
discussed above 1in FIG. 235, and the air braking system 1524
may be used 1n some or all of those locomotive(s) and/or rail
car(s). When an air braking system 1524 1s 1nstalled in more
than one locomotive and/or rail car of the train, a determina-
tion 1s made as to how many of the air braking systems 1524
within the train are operative. Such a determination as to
whether the air braking system within each locomotive/rail
car 1s operative may be made by comparing a measured and
expected parameter related to the operation of the air braking
system 1524, as discussed below. The optimal braking sched-
ule may be selected/determined using a factor based on a ratio
of the mass of the train 1504 (in tons) to the number of
locomotives/rail cars within the train having an operative air

braking system (or “tons per operative brake” or “TPOB™). As
illustrated 1 FIG. 24, each braking schedule

1560,1562,1564,1566,1568 15 assigned a respective TPOB
rat10. In general, the smaller the TPOB ratio, the shorter the
time or distance that 1s required for the train to stop, and thus
the longer the time or distance the train may travel within the
stopping distance 15358 belore the braking system needs to be
activated 1n order for the train to stop at the stop point 1580.
Thus, as 1llustrated 1n FIG. 24, as the TPOB ratio decreases,
the braking schedule 1s less conservative and more efficient,
as the projected train speed 1s greater than (or equal to) the
other braking schedules having a larger TPOB ratio.

As 1llustrated 1n FIG. 26, the air braking system 1524
includes an air pipe 1534 extending at least part of the length
of the train 1504 (which 1s to say the air pipe typically extends
to each car 1n the train, but not necessarily from the very front
end to the very rear end of the train). Thus, although FIG. 26
only illustrates the locomotive 1503 of the train 1504, the air
pipe 1534 extends along at least part of the length of the train
1504, including the rail car(s) and other locomotive(s), 1f
present. Additionally, the air braking system 1524 includes a
reservoir 1536 within the locomotive 1505 of the train 1504,
and a brake pipe valve 1538 used to controllably couple the
reservolr 1536 and the air pipe 1534. The brake pipe valve
1538 1s coupled to the processor 1518. A pressure sensor 1514
1s positioned to measure a pressure and rate of change of
pressure within the air pipe 1534, and an air flow sensor 1515
1s positioned to measure a volumetric tlow and rate of change
of volumetric tlow of air passing through the air pipe 1534.
Additionally, a pressure sensor 1516 1s positioned within the
reservolr 1536, to measure a pressure and rate of change of
pressure within the reservoir 1536, and an air flow sensor
1517 1s also positioned within the reservoir 1536, to measure
a volumetric flow and rate of change of volumetric tlow of air
passing through the reservoir 1536. The sensors 1514,1515,
1516,1517 are coupled to the processor 1518, and provide the
pressure and flow data to the processor 1518.

The processor 1518 opens the brake pipe valve 1538 to
permit air to enter the reservoir 1536 from the air pipe 1534,
when the measured pressure (or air flow) within the air pipe
1534 decreases to a predetermined threshold below the mea-
sured pressure (or air flow) within the reservoir 1536. Addi-
tionally, the sensor 1510 1s utilized to measure the decelera-
tion of the train 1504 during an activation of the air braking,
system 1524, and to communicate this acceleration data to the
processor 1518. Various expected parameters, during an acti-
vation of the air braking system 1524, are stored in the
memory 1519 of the processor 1518, such as an expected
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deceleration, an expected pressure within the air pipe 1534,
and/or a rate of change of the pressure within the air pipe
1534. These stored expected parameters 1n the memory 1519
may be based on an activation level of the air braking system
1524, a grade level of the raillway 1506 at the particular
location of activation of the air braking system 1524, and/or a
predetermined mass of the train 1504. Thus, during an acti-
vation of the air braking system 1524, the processor 1518
acquires the measured pressure and measured rate of change
of pressure in the air pipe 1534 from the pressure sensor 1514,
and the measured deceleration of the train 1504 from the
sensor 1510. The processor 1518 subsequently compares the
pressure, rate of change of pressure, and deceleration with the
respective expected pressure, expected rate of change of pres-
sure, and expected deceleration retrieved from the memory
1519. Based on these comparisons, the processor 1518
adjusts the stored predetermined mass of the train 1504 in the
memory 1519, and/or adjusts the braking schedule, based on
the adjustment to the predetermined mass. For example, 11 the
processor 1518 determined that the measured deceleration
exceeded the expected deceleration by a predetermined
threshold difference, the processor 1518 would reduce the
predetermined mass stored in the memory 1519, and corre-
spondingly vary the braking schedule, such as from a first
braking schedule 1560 to a second braking schedule 1562, for
example. Additionally, if the processor 1518 determined that
the rate of change of pressure exceeded the expected rate of
change of pressure 1n the air pipe 1534 by a predetermined
threshold difference, this may indicate that the air braking
system 1524 1s out-performing the expectations, and thus the
processor 1518 would vary the braking schedule from a first
braking schedule 1560 to a second braking schedule 1562, for
example.

Instead of comparing the measured and the expected pres-
sure and rate of change of pressure within the air pipe 13534,
the processor 1518 may compare the measured and expected
pressure and rate ol change of pressure within the reservoir
1536. As discussed above, the pressure sensor 1516 provides
the processor 1518 with the pressure and rate of change of
pressure data from within the reservoir 1536. I the processor
1518 compares the pressure parameters to conclude that the
air braking system 1524 1s out-performing relative to expec-
tations, such as determining that the measured pressure
within the reservoir 1536 1s greater than the expected pressure
within the reservoir 1536, the processor 1518 may vary the
braking schedule, such as varying a first braking schedule
1560 to a second braking schedule 1562, for example. Thus,
if during an activation of the air braking system 1524, the
processor 1518 determines that either the measured pressure
exceeded the expected pressure within the reservoir 1536
and/or the rate of change of pressure exceeded the expected
rate ol change of pressure within the reservoir 13536, the
processor 1518 may vary the braking schedule, such as from
a first braking schedule 1560 to a second braking schedule
1562, for example. However, 11 the processor 1518 compares
the pressure parameters to conclude that the air braking sys-
tem 1524 1s under-performing relative to expectations, such
as determiming that the measured pressure within the reser-
voir 1536 1s lower than the expected pressure within the
reservolr 1536, the processor 1518 may vary the braking
schedule, such as varying a second braking schedule 1562 to
a first braking schedule 1560, for example.

As with the above-performed comparisons by the proces-
sor 1518 regarding the measured and expected pressure and
rate of change of pressure in the air pipe 1534 and/or the
reservolr 1536, the processor 1518 may compare the mea-
sured and expected volumetric air flow and rate of change of
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volumetric air flow through the air pipe 1534 and/or the
reservoir 1536. As discussed above, the air flow sensor 1515
provides the processor 1518 with the volumetric air tflow and
rate of change of volumetric air flow through the air pipe 1534
during an activation of the air braking system 1524. Similarly,
the air flow sensor 1517 provides the processor 1518 with the
volumetric air flow and rate of change of volumetric air flow
through the reservoir 15336 during an activation of the air
braking system 1524. The memory 1519 of the processor
1518 stores arespective expected air tlow and expected rate of
change of flow through the respective air pipe 1534 and
reservoir 1536, during an activation of the air braking system
1524. As with the expected pressure and rate of change of
pressure parameters discussed above, these stored expected
parameters in the memory 1519 may be based on an activation
level of the air braking system 1524, a grade level of the
railway 1506 at the particular location of activation of the air
braking system 1524, and/or a predetermined mass of the
train 1504. The location of the activation of the air braking
system 1524 may be provided by a position determination
device (not shown i FIG. 26), similar to that shown 1n FIG.
25. During an activation of the air braking system 1524, the
processor 1518 recerves the measured deceleration from the
sensor 1510, the measured air flow and rate of change of tlow
through the air pipe 1534 from the air flow sensor 1515,
and/or the measured air flow and rate of change of flow
through the reservoir 15336 from the air flow sensor 1517. The
processor 1518 compares the measured deceleration, the
measured air flow and rate of change of air flow through the
air pipe 1534, with the respective expected deceleration,
expected air flow and expected rate of change of air flow
through the air pipe 1534. Based on comparing the measured
deceleration with the expected deceleration, the processor
1518 adjusts the predetermined mass of the train 1504 stored
in the memory 1519, such as 1f the measured deceleration
exceeds the expected deceleration by a predetermined thresh-
old difference. Based on comparing the measured and
expected air tlow parameters within the air pipe/reservorr, the
processor 15318 may determine whether the air braking sys-
tem 1524 1s adequately performing relative to expectations.
For example, if the measured rate of change of air flow
exceeds the expected rate of change of air flow 1n the air pipe
1534, the processor 1518 may determine that the air braking
system 1524 1s out-performing relative to expectations, and
may adjust the braking schedule, such as varying the braking
schedule from a first braking schedule 1560 to a second
braking schedule 1562, for example. However, 11 the mea-
sured rate of change of air flow 1s lower than the expected rate
of change of air tlow 1n the air pipe 1534, the processor 1518
may determine that the air braking system 1524 1s under-
performing relative to expectations, and may adjust the brak-
ing schedule from a second braking schedule 1562 to a first
braking schedule 1560, for example.

FI1G. 27 illustrates a sample display 1590 positioned 1n an
operator cabin of the locomotive 1505, which includes a
braking schedule 1594 along with a current speed profile
1595, over a distance along the railway 1506. Thus, the opera-
tor can visually see whether the current speed of the locomo-
tive 1505 1s properly tracking the predetermined speed of the
braking schedule 1594, so that the train 1504 stops at the stop
point. Additionally, the display 1590 includes a speed gauge
1596 with a current and projected speed, and a grade indicator
1592. For example, 1n the sample display 1590, the current
speed profile 1595 indicates a speed at position 71 in excess of
the braking schedule 1594 predetermined speed. Thus, the
operator may manually activate the braking system to an
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activation level such that the current speed profile 1595
approaches the braking schedule 1594 predetermined speed.,
for example.

FIG. 28 1llustrates a flow chart depicting a method 1600 for
optimizing a braking schedule 1560 of a train 1504 traveling

along a railway 1506. The braking schedule 1560 1s based on

a predetermined characteristic of the train 1504 and 1s enacted
in a stopping distance (or braking region) 1558 along the
railway 1506. The method 1600 begins at 1601 by measuring
1602 a parameter related to the operation of the train 1504
(the measured parameter). The method 1600 further includes
comparing 1604 the measured parameter with an expected
parameter, which 1s based on the predetermined characteristic
of the train 1504. The method 1600 further includes adjusting
1606 the predetermined characteristic based on the compar-

ing 1604 step, and adjusting 1608 the braking schedule 1560

based on the adjusting 1606 of the predetermined character-
istic, before ending at 1609.

This written description uses examples to disclose embodi-
ments of the invention, including the best mode, and also to
enable any person skilled in the art to make and use the
embodiments of the invention. The patentable scope of the
embodiments of the invention 1s defined by the claims, and
may include other examples that occur to those skilled in the
art. Such other examples are mtended to be within the scope
of the claims 11 they have structural elements that do not differ
from the literal language of the claims, or if they include
equivalent structural elements with insubstantial differences
from the literal languages of the claims.

What 1s claimed 1s:

1. A system comprising:

a first sensor configured to measure a parameter related to
an operation of a powered system traveling along a
route; and

a processor configured to be coupled to the first sensor and
to receive data of the parameter;

wherein the processor also 1s configured to compare the
parameter that 1s measured with an expected parameter
that 1s based on at least one predetermined characteristic
of the powered system to determine a parameter com-
parison;

wherein the processor also 1s configured to adjust the at
least one predetermined characteristic by a characteris-
tic adjustment that 1s based on the parameter compari-
son; and

wherein the processor 1s configured to adjust a braking
schedule of the powered system based on the character-
1stic adjustment to the at least one predetermined char-
acteristic.

2. The system of claim 1, wherein the parameter that 1s
measured and the expected parameter are related to operation
of at least one of a motoring system or a braking system of the
powered system; and the at least one predetermined charac-
teristic 1s at least one of a physical characteristic of the pow-
ered system or a performance rating of the at least one of the
motoring system or the braking system.

3. The system of claim 2,

wherein the motoring system includes an engine coupled to
a plurality of traction motors coupled to a respective
plurality of wheels of the powered system; the expected
parameter 1s a expected acceleration during the opera-
tion of the motoring system; the expected acceleration
being based on at least one of an activation level of the
motoring system, a grade level of the route, or a prede-
termined mass of the powered system;
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wherein the first sensor 1s configured to measure a mea-
sured acceleration of the powered system during the
operation of the motoring system; and

wherein the processor 1s configured to compare the mea-
sured acceleration that 1s measured with the expected
acceleration to determine an acceleration comparison;
and the processor 1s further configured to adjust the
predetermined mass of the powered system by a mass
adjustment that 1s based on the acceleration comparison,
and to adjust the braking schedule based on the mass
adjustment to the predetermined mass of the powered
system.

4. The system of claim 3,

further comprising a second sensor that 1s configured to
measure a grade level of the route during the operation of
the motoring system; and

wherein the processor includes a memory configured to
store a predetermined grade level of the route; the pro-
cessor also being configured to compare the grade level
that 1s measured with the predetermined grade level to
determine a grade level comparison, the processor also
configured to adjust the predetermined grade level by a
grade level adjustment in the memory based on the grade
level comparison.

5. The system of claim 3, wherein subsequent to the pro-

cessor comparing the measured acceleration with the
expected acceleration, the processor 1s configured to deter-
mine whether a difference in the measured acceleration and
the expected acceleration 1s based on a secondary cause apart
from the mass adjustment to the predetermined mass.

6. The system of claim 3,

wherein subsequent to the processor comparing the mea-
sured acceleration with the expected acceleration, the
processor 1s configured to determine whether a differ-
ence 1 the measured acceleration and the expected
acceleration 1s based on a secondary cause apart from
the mass adjustment to the predetermined mass;

and wherein the secondary cause 1includes one or more of
an ambient weather condition or a structural feature of
the powered system traveling along the route.

7. The system of claim 2,

wherein the braking system 1s a dynamic braking system
including a plurality of traction motors coupled to a
respective plurality of wheels, the plurality of traction
motors being electrically coupled to a plurality of grids;
the expected parameter including at least one of a
expected deceleration or a expected current generated
by the plurality of traction motors to the plurality of grids
during the operation of the braking system; the expected
parameter being based on at least one of an activation
level of the braking system, a grade level of the route, or
a predetermined mass of the powered system;

wherein the first sensor 1s configured to measure at least
one ol a measured deceleration or a measured current
generated by the traction motors to the plurality of grids;
and

wherein the processor 1s configured to compare the at least
one of the measured deceleration the measured current
with at least one of the expected deceleration or the
expected current to determine at least one of a decelera-
tion comparison or a current comparison; the processor
further configured to adjust the predetermined mass of
the powered system by a mass adjustment that 1s based
on the at least one of the deceleration comparison or the
current comparison, and to adjust the braking schedule
based on the mass adjustment to the predetermined mass
of the powered system.
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8. The system of claim 7,

wherein the processor 1s configured to compare the mea-
sured current with the expected current to adjust the
performance rating of the braking system by a rating
adjustment that 1s based upon a difference between the
measured current and the expected current;

and wherein the processor 1s further configured to adjust
the braking schedule based on the rating adjustment to
the performance rating of the braking system.

9. The system of claim 2,

wherein the powered system includes a train including at
least one locomotive consist and at least one rail car; and
the braking system 1ncludes an air braking system hav-
ng:

an air pipe extending at least part of a length of the train;

a reservolr within at least one of a locomotive of the at least
one locomotive consist or the at least one rail car; and

a respective valve to controllably couple the reservoir and
the air pipe, the respective valve configured to be
coupled to the processor, and the processor configured to
open the respective valve and permit air to enter the
reservolr from the air pipe based on a pressure within the
air pipe decreasing to a predetermined pressure thresh-
old below a pressure within the reservoir;

wherein the expected parameter 1s at least one of a expected
deceleration, an expected air pipe pressure within the air
pipe, or an expected rate of change of air pipe pressure
within the air pipe during the operation of the braking
system; the expected parameter being based on at least
one of an activation level of the braking system, a grade
level of the route, or a predetermined mass of the pow-
ered system;

turther comprising a second sensor configured to measure
at least one of a measured deceleration, a measured air
pipe pressure at one or more incremental locations along
the length of the train, or a measured air pipe pressure
rate of change of pressure within the air pipe; and

wherein the processor 1s configured to compare the at least
one of the measured deceleration, the measured air pipe
pressure, or the measured rate of change of pressure
within the air pipe with the at least one of the expected
acceleration, the expected air pipe pressure, or the
expected rate of change of air pipe pressure to determine
a parameter comparison; the processor further config-
ured to adjust the predetermined mass of the powered
system by a mass adjustment that is based on the param-
cter comparison and to adjust the braking schedule
based on the mass adjustment to the predetermined mass
of the powered system.

10. The system of claim 9,

turther comprising a third sensor configured to measure a
measured reservolr pressure within the reservoir prior to
an adjustment to the activation level of the braking sys-
tem;

wherein the processor 1s configured to compare the mea-
sured reservoir pressure within the reservoir with the
measured air pipe pressure within the air pipe to adjust
the performance rating of the braking system by a rating
adjustment that 1s based upon a difference between the
measured reservoir pressure within the respective reser-
voir and the measured air pipe pressure within the air
pipe; and

wherein the processor 1s further configured to adjust the
braking schedule based on the rating adjustment to the
performance rating of the braking system.

11. The system of claim 2,
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wherein the powered system includes a train including at
least one locomotive consist and at least one rail car, and
the braking system 1s an air braking system having:

an air pipe extending at least part of a length of the train;

a reservolr within at least one of a locomotive of the at least
one locomotive consist or the at least one rail car; and

a respective valve to controllably couple the reservoir and
the air pipe, the respective valve configured to be
coupled to the processor, and the processor configured to
open the respective valve and permit air to enter the
reservolr from the air pipe based on an air flow within the
air pipe decreasing to a predetermined threshold below
an air flow within the reservoir;

wherein the expected parameter 1s at least one of a expected
deceleration, an expected air flow within the air pipe, or
an expected rate of change of air flow within the air pipe
during the operation of the braking system; the expected
parameter based on at least one of an activation level of
the braking system, a grade level of the route, or a
predetermined mass of the powered system:;

turther comprising a second sensor configured to measure
a measured deceleration, a measured air flow within the
air pipe at one or more incremental locations along the
length of the train, or a measured rate of change of air
tlow within the air pipe; and

wherein the processor 1s configured to compare the at least
one of the measured deceleration, the measured air flow
within the air pipe, or the measured rate of change of air
flow within the air pipe with the at least one of the
expected deceleration, the expected air tlow within the
alir pipe, or the expected rate of change of air flow within
the air pipe to determine a parameter comparison; the
processor further configured to adjust the predetermined
mass ol the powered system by a mass adjustment that 1s
based on the parameter comparison, and to adjust the
braking schedule based on the mass adjustment to the
predetermined mass of the powered system.

12. A method comprising:

enacting a braking schedule 1n a braking region along a
route on which a powered system travels, the braking
schedule based on at least one predetermined character-
istic of the powered system;

measuring a parameter related to an operation of the pow-
ered system:;

comparing the parameter that 1s measured with an expected
parameter, the expected parameter based on the at least
one predetermined characteristic ol the powered system;

adjusting the at least one predetermined characteristic
based on the comparing; and

adjusting the braking schedule based on the adjusting to the
at least one predetermined characteristic.

13. The method of claim 12, wherein the parameter that 1s

measured and the expected parameter are related to an opera-
tion of at least one of a motoring system or a braking system
of the powered system; and the at least one predetermined

characteristic 1s at least one of a physical characteristic of t.

1C

powered system or a performance rating of one or more of t

motoring system or the braking system.
14. The method of claim 13,

1C

wherein the motoring system includes an engine coupled to
a plurality of traction motors coupled to a respective
plurality of wheels of the powered system; the expected
parameter 1s a expected acceleration during the opera-
tion of the motoring system that 1s based on at least one
of an activation level of the motoring system, a grade
level of the route, or a predetermined mass of the pow-
ered system;
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wherein measuring includes measuring a measured accel-
eration of the powered system during the operation of
the motoring system;

wherein comparing includes comparing the measured
acceleration with the expected acceleration; and

wherein adjusting the at least one predetermined charac-
teristic includes adjusting the predetermined mass of the
powered system by a mass adjustment that 1s based on
the comparing.

15. The method of claim 14, wherein subsequent to com-

paring the measured acceleration with the expected accelera-
tion, the method further includes determining whether a dif-
ference between the measured acceleration and the expected
acceleration 1s attributable to a secondary cause other than the
mass adjustment to the predetermined mass.

16. The method of claim 14,

wherein measuring includes measuring the grade level of
the route as a measured grade level during the operation
of the motoring system;

wherein comparing includes comparing the measured
grade level with a predetermined grade level; and

wherein adjusting the at least one predetermined charac-
teristic includes adjusting the predetermined grade level
of the route based on the comparing.

17. The method of claim 13,

wherein the braking system 1s a dynamic braking system
including a plurality of traction motors coupled to a
respective plurality of wheels, the plurality of traction
motors being electrically coupled to a plurality of grids;
the expected parameter being at least one of a expected
deceleration or a expected current generated by the plu-
rality of traction motors to the plurality of grids during
the operation of the braking system; the expected param-
cter being based on at least one of an activation level of
the braking system, a grade level of the route, or a
predetermined mass of the powered system:;

wherein measuring includes measuring at least one of a
deceleration of the powered system as a measured decel-
eration or a current generated by the traction motors to
the plurality of grids as a measured current;

wherein comparing includes comparing the at least one of
the measured deceleration or the measured current with
the at least one of the expected deceleration or the
expected current; and

wherein adjusting the at least one predetermined charac-
teristic includes adjusting the predetermined mass of the
powered system by a mass adjustment that 1s based on
the comparing.

18. The method of claim 17, wherein subsequent to com-

paring the measured current with the designated current, the
method includes:

adjusting the performance rating of the braking system by
a braking adjustment that 1s based upon a difference
between the measured current and the expected current;
and

adjusting the braking schedule based on the braking adjust-
ment of the braking system.

19. The method of claim 13, wherein the powered system

includes a train having at least one locomotive consist and at
least one rail car; and the braking system includes an air
braking system having:

an air pipe extending at least part of a length of the train;
a reservoir within at least one of a locomotive of the at least
one locomotive consist or the at least one rail car; and
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a respective valve to controllably couple the reservoir and
the air pipe based on a pressure within the air pipe
decreasing to a predetermined threshold below a pres-
sure within the reservoir;

wherein the expected parameter 1s at least one of an
expected deceleration, an expected pressure within the
air pipe, or an expected rate of change of pressure within
the air pipe during the operation of the braking system:;
the expected parameter being based on at least one of an
activation level of the braking system, a grade level of
the route, or a predetermined mass of the powered sys-
tem;

wherein measuring includes measuring at least one of a
measured deceleration of the powered system, a mea-
sured pressure of the air pipe at one or more incremental
locations along the length of the train, or a measured rate
of change of pressure within the air pipe;

wherein comparing includes comparing the at least one of
the measured deceleration, the measured pressure of the
air pipe, or the measured rate of change of pressure
within the air pipe with the at least one of the expected
deceleration, the expected pressure, or the expected rate
of change; and

wherein adjusting the at least one predetermined charac-
teristic includes adjusting the predetermined mass of the
powered system by a mass adjustment that 1s based on
the comparing.

20. The method of claim 19, further comprising;:

measuring a measured pressure within the reservoir;

adjusting the activation level of the braking system after
measuring the measured pressure;

comparing the measured pressure within the reservoir with
the measured pressure within the air pipe;

adjusting the performance rating of the braking system by
a rating adjustment that 1s based upon a difference
between the measured pressure within the reservoir and
the measured pressure within the air pipe; and

adjusting the braking schedule based on the rating adjust-
ment to the performance rating of the braking system.

21. The method of claim 13,

wherein the powered system includes a train comprising at
least one locomotive consist and at least one rail car; and
the braking system includes an air braking system hav-
ng:

an air pipe extending at least part of a length of the train;

a reservolr within at least one of a locomotive of the at least
one locomotive consist or the at least one rail car; and

a respective valve to controllably couple the reservoir and
the air pipe, based on an air tlow within the air pipe
decreasing to a predetermined threshold below an air
flow within the reservoir;

wherein the expected parameter 1s at least one of an
expected deceleration of the powered system, an
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expected air flow within the air pipe, or an expected rate
of change of air flow within the air pipe during the
operation of the braking system; and the expected
parameter 1s based on at least one of an activation level
of the braking system, a grade level of the route, or a
predetermined mass of the powered system:;

wherein measuring includes measuring at least one of a
measured deceleration of the powered system, a mea-
sured air flow at one or more incremental locations along,
the length of the train, or a measured rate of change of air
flow within the air pipe;

wherein comparing includes comparing the at least one of
the measured deceleration, the measured air flow, or the
measured rate of change of air flow within the air pipe
with the at least one of the expected deceleration, the
expected air flow, or the expected rate of change of air
flow:; and

wherein adjusting the at least one predetermined charac-
teristic includes adjusting the predetermined mass of the
powered system by a mass adjustment that 1s based on
the comparing.

22. A locomotive comprising;

a locomotive traction assembly comprising a chassis, a
motoring and system, and a braking system attached to
and supported by the chassis;

a sensor attached to the locomotive traction assembly and
configured to measure a measured parameter related to
an operation of the at least one of the motoring system or
the braking system;

a processor coupled to the sensor and configured to receive
data of the measured parameter;

wherein the processor 1s configured to control at least one
of the motoring system or the braking system to enact a
braking schedule 1n a braking region along a route of the
locomotive, the braking schedule based on at least one
predetermined characteristic of the powered system:;

wherein the processor 1s configured to compare the mea-
sured parameter with an expected parameter that 1s
based on or otherwise relates to the at least one prede-
termined characteristic of the powered system to deter-
mine a parameter comparison;

wherein the processor 1s configured to adjust the at least
one predetermined characteristic by a characteristic
adjustment that 1s based on the parameter comparison;
and

wherein the processor 1s configured to adjust the braking
schedule based on the characteristic adjustment of the at
least one predetermined characteristic, the predeter-
mined characteristic being at least one of a performance
rating of the motoring system, the braking system, or a
physical characteristic of the powered system.
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